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ABSTRACT

The Altona Formation represents the oldest Cambrian sedimentary unit in
northern New York, recording cyclic deposition in shallow marine and fluvial
environments under both fair-weather and storm conditions. Five outcrops and one well
log were measured and described at the centimeter scale and the top and bottom contacts
of the Altona were identified. Based on the recognition of sedimentary structures such as
hummocky cross stratification, oscillatory ripples, graded bedding, trough and tabular
cross stratification, and bioturbation, as well as subtle lithologic changes, six lithofacies
representing non-marine, middle to upper shoreface, offshore, and carbonate ramp
environments were identified. The top contact with the overlying Ausable Formation is
characterized by inter-tonguing marine to non-marine siltstones and cross stratified
medium sandstones. The lowermost Altona is found to lie only one meter above
Precambrian basement and is interpreted to be the only non-marine facies in this unit.
Throughout the 84-meter thick section, stratigraphy records a transition from
upper/middle shoreface to carbonate ramp deposition and offshore muds before cycling
between upper shoreface, carbonate ramp and non-marine deposits. Based on
parasequence architecture, this section of rock is interpreted to represent the transition
from the transgressive systems tract to the highstand systems tract.
Thin sections analysis from each lithofacies quantified grain size and composition
and identified a provenance. Modal analysis data from clastic lithofacies reveals
subarkose to arkose sandstones with an accessory mineral suite including ilmenite,
apatite, rutile, and zircon. Integrating the compositional data, particularly the accessory
mineral suite, with detrital zircon dates of 1000 – 1300 Ma (Chiarenzelli et al., 2010)
suggests that the Grenville Adirondacks in particular the AMCG suit and Lyon Mountain
Granite are a likely source rock.
Comparison with the Monkton Formations of Vermont suggest that these two
units were deposited under similar sea level conditions and are therefore correlative.
Provenance study suggests that they were both sourced form the Adirondack Mountains.
The major difference is in their depositional environments as the Monkton represents
deposition of predominantly tidally influenced deltaic environment. The environmental
processes acting on the two units suggests that the paleogeography of the Iapetus margin
in this area was an embayed coastline.
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CHAPTER 1: BACKGROUND
1.1 Introduction
The sedimentological relationship of the terminal early—middle Cambrian Altona
Formation in northern New York to that of the late early Cambrian Monkton Formation
in Vermont is largely unknown. For many years there has been debate on how the
Cambrian stratigraphy in the two areas are related. This thesis explores the relationship
between the Altona Formation and its coeval rock units in Vermont with regards to
depositional environment, provenance, tectonic setting, and sea level history. To date,
much work has been completed on the depositional environment and provenance in the
western Vermont stratigraphy; however, little is known about the newly identified Altona
Formation. Much of the work completed for this project revolves around researching the
depositional environment and provenance of the Altona Formation. Work completed
includes: (1) detailed measurement and description delineating six lithofacies recording
deposition in a marine shoreface, under fairweather and storm conditions, as well as
changing sea level; (2) documentation of the nature of lower and upper contacts for the
first time; and (3) first detailed description of the petrology and petrography of the unit.

1.2 Geologic Setting
In the late Precambrian, most tectonic plates were joined together to form the
supercontinent of Rodinia (McMenamin & McMenamin, 1990). The rifting of Rodinia in
the latest Precambrian led to the formation of the Laurentian continent as well as the
1

Iapetus Ocean (Burke & Dewey, 1973; Kumarapeli et al., 1989). Rifting was initiated ca.
614 Ma (O'Brien & van der Pluijm, 2012) with some evidence for a thermal event at 700
Ma (Heizler & Harrison, 1998). In modern day eastern North America, rifting centered
on a triple junction that produced basalts in northern Vermont and southern Quebec from
partial melting associated with a rising mantle plume (Kumarapeli et al., 1989). Basalts
produced by this rifting in the area of the triple junction are known as the Tibbit Hill
Formation and have been dated to 570 Ma (Kumarapeli et al., 1989).
Thomas (1977) suggests that the Late Precambrian rifting produced a continental
margin characterized by offset along several transform faults, all of which created
reentrants (concave ocean-ward) and promontories (convex ocean-ward) (Figure 1). In
the New York, Vermont, and Quebec regions, successful rifting led to the creation of the
Quebec Reentrant, roughly to the north of the triple junction, and the New York
Promontory, which is roughly to the south. The third and failed arm of the triple junction
is known as the Ottawa-Bonnechere aulacogen (Kumarapeli, 1981). Sediment shed from
the Laurentian continent was generally deposited on the passively subsiding continental
shelf; however, some sediment accumulated within the aulacogen. The OttawaBonnechere aulacogen forms a 55km wide topographic low from Montreal continuing
northwest through Ottawa for nearly 700 km and is referred to by some authors as the
Ottawa-Bonnechere graben (Kumarapeli, 1985; Rimando, 1995). Kay (1942) first
identified the graben based on the uniform trends of major faults. Today much of the
sedimentologic literature refers to this area as the Ottawa embayment, characterized by
2

Figure 1

Figure 1: Geologic overview map of present day Northeastern United States
showing major tectonic structures from the rifting of the Iapetus Ocean.

3

deposition of marginal-marine to marine sandstones and carbonates (Sanford, 2007,
2010). Much of the sediment deposited following rifting in this area has been deformed
during later tectonic events; however, some of the stratigraphy within the aulacogen has
been preserved from these events.
The rift-related and post-rift sedimentary record has been highly deformed to the
east and less deformed to the west along the Vermont/New York border. The less
deformed sedimentary record allows for a detailed comparison between the sediment
deposited on the shelf and the sediment deposited within the aulacogen. Deformation of
the stratigraphy in this area is due to convergence during the Lower Ordovician–Silurian
Taconic Orogeny (Rowley & Kidd, 1981). Generally following the trend of the
successful rifting along the Quebec Reentrant and the New York Promontory,
deformation was partially controlled by these rift related structures. Today they are
expressed by major salients and recesses along the eastern margin of North America
(Thomas, 1977). During this event, large thrust sheets (allochthons) emplaced Cambro –
Ordovician stratigraphy westward on top of “in place”, or autochthonous, stratigraphy. In
general, the stratigraphy of the Quebec Reentrant and the New York Promontory is
allochthonous, having been transported nearly 80km to the west (Stanley, 1999) while the
stratigraphy of the Ottawa-Bonnechere aulacogen is autochthonous (Figure 2).
This study attempts to compare the late Lower to Middle Cambrian stratigraphy
of the Quebec Reentrant, New York Promontory, and Ottawa-Bonnechere aulacogen
(Figure 3). Units of interest include the Altona Formation of the Potsdam Group in
4

northern New York and the Monkton Formation in western Vermont. The Altona
Formation represents the undeformed sediment within the aulacogen and the Monkton
Formation represents the passive margin sediments deposited along the Quebec reentrant
and New York Promontory.
Figure 4 is a paleogeographic map showing the relative locations of the Monkton
and Altona Formations as well as major landmarks of the present day, Burlington,
Vermont and Plattsburgh, New York. This map represents what we know from the
Altona and Monkton Formations regarding paleogeography of the Iapetus margin during
the middle to late Cambrian. The Monkton Formation, deposited on a passively subsiding
margin, records a shallow marine tidally influenced environment, and includes a fluvial
facies in central Vermont (Goldberg et al., 1995; Rahmanian, 1981). To the north, along
strike, the Monkton pinches out into basinal shales of the Parker and Skeels Corners
Formations in the Franklin Basin. The Franklin Basin formed within a rift-related feature
that Cherichetti, et al. (1998) termed the Missisquoi Valley Transfer Zone (MVTZ).

5

Figure 2

Figure 2: Physiogeographic map of northern New York, Vermont, southern
Quebec and Ontario. Three geographic regions are recognized following the rifting of
Rodinia: the Ottawa-Bonnechere aulacogen, Quebec Reentrant, and the New York
Promontory. In general, the stratigraphy of the aulacogen, including the Altona
Formation, is autochthonous, having been spared deformation of the Taconic Orogeny.
However, stratigraphy of the New York Promontory and the Quebec Reentrant, which
includes the Monkton Formation, has been thrusted nearly 80 km to the west. The
boundary between the autochthonous and allochthonous stratigraphy is a major thrust
fault known as Logans Line or the Champlain Thrust Fault. Adapted from: AbdelRahman & Kumarapeli, (1999); Landing et al., (2009); Robinson & Kapo, (2003)
6

Figure 3

Figure 3: Stratigraphic correlation of the Potsdam Group (Ottawa-Bonnechere (OB) Aulacogen) and the allochtonous stratigraphy in the New York Promontory and
Quebec Reentrant. Fauna identified within the Altona Formation by Landing et al., 2009
clarified the age of the lower portion of the Potsdam Group. This revision suggests that
the Altona Formation is at least partially coeval with the Monkton Formation. Adapted
from: (Landing et al., 2009)
7

Figure 4

Figure 4: Paleogeographic cartoon of palinspastically restored Laurentian margin
of Iapetus during the lower Cambrian in northwestern Vermont and northeastern New
York (Mehrtens, unpub). This is a birdseye view looking westward to the ancestral
Adirondacks from the Iapetus Ocean. Shown on the cartoon are details of the
paleotopography of the rifted margin during deposition of the Monkton (Vermont) and
Altona (New York) Formations. The Missisquoi Valley Transfer Zone (MVTZ) is a
major feature in the late Precambrian and early Cambrian of northwestern Vermont
(Chirachetti et al, 1998) representing the transition from the lower plate of the rift to the
upper plate to the south, this region evolved into the Franklin Basin in Cambrian time.
While the Franklin Basin accumulated muds and sediment gravity flows through the
Cambrian, shallow water facies accumulated to the south (present day Burlington (B) and
Middlebury). 100 km west along the trend of the MVTZ, the Altona Formation shallow
marine sandstone, mudstones, and carbonates were deposited.
8

1.3 Potsdam Group Stratigraphic Nomenclature
Since the earliest studies on the stratigraphy of New York by Emmons (1838), the
oldest sedimentary rock in northern-northeastern New York State has been recognized as
the Potsdam Sandstone. Thought by early workers to be Upper Cambrian in age (Fisher,
1955; Flower, 1964; Walcott, 1891) the Potsdam was significantly younger than many
Cambrian sedimentary rocks in the allochthonous stratigraphy to the east but at the time
Emmons proposed the name, the stratigraphy in Vermont and northwestern
Massachusetts was still unknown. It was not until the “Taconic Controversy” was settled
(see Rodgers (1997) for a summary of this historical debate) that the age relationships
between the two regions were clarified. Several rock units in Vermont were identified, on
the basis of trilobites (Shaw, 1957, 1958), as older than the Upper Cambrian Potsdam.
This Upper Cambrian age for the Potsdam persisted in the literature until the study of
Landing et al. (2009) which identified a trilobite fauna that suggested that part of the
Potsdam is much older.
Strata of the Potsdam Group lie on both sides of the United States and Canada
border and consequently it has been studied in both regions, with different resulting
regional nomenclature for similar packages of rocks. The concept of the Potsdam as a
“Group” is well established in Canada while New York terminology retained the use of
the Potsdam Formation composed of several members. Sanford and Arnott’s (2010) study
on the Potsdam Group was the first multi-regional study of this stratigraphy across
international boarders. Their continued use of the term Potsdam Group provides the bases
9

for using this terminology in this thesis. Within their study they provide a summary of the
work leading to the elevation of the Potsdam Sandstone to Group status, and this is
briefly summarized here.
Emmons (1838) originally described red sandstones thought to be basal beds of
the Potsdam Sandstone in the Hanawa Falls area of northern New York. Later, Emmons
(1841) recognized sandstones in the Lake Champlain region of New York and assigned
them to be higher in the stratigraphy than his original Potsdam Sandstone, and he applied
the term Keeseville Sandstone to this new section. The Potsdam Sandstone was
subdivided into the Lower, Middle, and Upper Members by Van Ingen (1902). This
package of rocks in the Champlain Region of New York consists of a Lower Member, a
red and brown sandstone, a Middle Member which consists of white and yellow
sandstones, and an Upper Member that consists of interbedded sandstone and dolomite.
Sanford (2010) assumed that the Lower Member is equivalent to the red sandstone
described by Emmons (1838) in Hannawa Falls and the Middle Member consists of
Emmons’ (1841) Keeseville Sandstone. The Ausable Member was later recognized by
Alling (1919), who described a red and grey feldspathic sandstone in northern New York
which he termed the Ausable Formation. While mapping in the Lake Champlain region
of New York Fisher (1955) subdivided the Potsdam sandstone into the Ausable and
Keeseville Members.
In northern New York, use of the stratigraphic names “Ausable” and “Keeseville”
Sandstones for the Lower and Upper Members within the Potsdam Sandstone
10

(Formation) persisted in the literature. Most recently Landing et al., (2007, 2009)
described fossils found in the basal horizons of the Potsdam Formation, which not only
clarified its age but also led these authors to create a new member, the Altona Member of
the Potsdam Formation. Landing (2007) suggested that the Altona Member be the name
given to late Lower Cambrian shallow marine sandstones that lie below non-marine to
shallow marine facies of the Ausable Member of the Potsdam.
In Canada, a different terminology for Cambrian sandstones has been applied.
Workers in this region were the first to elevate the Potsdam Sandstone to the Potsdam
Group. Clark (1966) and Clark and Lewis (1971) elevated the Potsdam Sandstone to
Potsdam Group and created the Covey Hill Formation and the overlying Chateauguay
Formation. Sanford (2010) continued use of the term Potsdam Group in their regional
study, which including northern New York, Quebec, and Ontario. This work provides the
current framework for the stratigraphic correlation and subdivisions.
The correlation of the stratigraphy across international borders by Sanford and
Arnott has led to the following correlations. In Canada, the Potsdam Group consists of
the Abby Dawn Formation (Ontario only), the Jericho Formation (equivalent to the
Altona Formation in New York), Covey Hill Formation (equivalent to the Ausable
Formation in New York), Chippewa Bay Formation, and the Nepean Formation
(equivalent to the Keeseville Formation in New York).
Given the variety of terminology that exists for the Potsdam Group, a
simplification for this thesis is warranted because the stratigraphy in the study area only
11

consists of the Altona, Ausable, and Keeseville Formations. The simplified terminology
to be used in this thesis is as follows: the Potsdam Group consists of, in ascending order,
the Altona, Ausable, and the Keeseville Formations. This stratigraphy is bounded by a
Precambrian nonconformity at the base (below the Altona Formation) and an upper
unconformity between the Keeseville Formation and the overlying Theresa Formation.
The discovery of trilobite fragments in the Altona Formation by Landing and his
coworkers was very important in stimulating an exploration of the relationship between
this unit and its relationship to other Olenellid-bearing strata. The Olenellid fauna found
in the Altona Formation bear a strong resemblance to the Olenellus species of the Parker
and Monkton Formations of Vermont (Landing et al., 2009). The first signs of marine
deposits well after the deposition of rift related sediments and the volcanic Tibbit Hill
Formation (570 Ma) are characterized by Olenellus (Doolan, 1996; Landing et al., 2009).
Along with the occurrence of Ollenellid fauna, Landing and his coworkers identified an
Ehmaniella species. Ehmaniella is widespread in the Laurentian succession and provides
important biostratigraphic control (middle middle Cambrian) for the age of the Altona
and Ausable Formations of the Potsdam Group. This age implies that the deposition of
the lowest cover unit in the Ottowan-Bonnechere aulocogen was not related to Ediacaran
faulting and subsidence but rather a more localized tectonic process (Landing et al.,
2009). The middle Middle Cambrian age of the Altona Formation also establishes
correlations to units in the Vermont platform succession (Monkton and Parker Slate
Formations).
12

1.4 Vermont Stratigraphic Nomenclature
Cambro-Ordovician stratigraphy of the northern Appalachians, including western
Vermont was first described by Eaton (1818). Emmons (1842) described the rocks in the
Burlington area as a “red sandrock” and limestone and suggested that they be correlated
with the Potsdam Sandstone. Walcott (1891) presented a detailed account of earlier
studies on this stratigraphic sequence in the Northern Appalachians in which he clarified
the age and structure of this area. He suggested that the red sandrock be assigned to the
Cambrian after the work of Billings (1862). The succession of rocks in this area has been
the focus of many studies, including Goldberg, et al., (1995), Gregory and Mehrtens,
(1983), Kindle & Tasch, (1948), Myrow, (1983), Palmer, (1971) Rahmanian, (1981),
Shaw, (1958) Speyer, (1983), Stone & Dennis, (1964), and Theokritoff, (1968). All of
these workers have provided us with the current stratigraphic nomenclature and
sedimentologic interpretations of the Cambrian stratigraphy of western Vermont.
Palmer (1971) took a more holistic view of the Cambrian stratigraphic sequence
in western Vermont from the Milton area in the North to the Bennington area in the
South. She noted that this package of rocks is composed of alternating siliciclastic and
carbonate deposits recording shallow shelf deposition with facies transitioning into an
adjacent deep-water basin.
Detailed studies of shelf deposits include the Cheshire Formation, followed in
ascending order by the Dunham Dolostone, Monkton Quartzite, Winooski Dolostone,
Danby Formation and Clarendon Springs Formation. The Cheshire Formation, studied by
13

Myrow (1983) is a massive white quartzite generally more than 250 m thick. Early
Cambrian (Olenellus zone) stratigraphy is represented by the Cheshire Formation, which
onlaps Grenville metamorphic basement (Pinnacle Formation) (Myrow 1983; Palmer,
1971). Continued transgression along the Iapetus margin is recorded by the overlying
Lower Cambrian Dunham Dolostone (Olenellus zone, Theokritoff (1968)), a peritidal to
subtidal carbonate deposit on an open shelf (Mehrtens & Gregory, 1984). The Dunham
Dolostone is conformably overlain by the Monkton Formation, an interbedded quartzite
and dolomite that ranges in thickness from 300 to 450 m thick and represents deposits
with tidal affinities (Rahmanian, 1981). On the basis of fragmental trilobite material
(Kindle & Tasch, 1948; Palmer, 1971; Shaw, 1958) the Monkton has been dated as latest
Olenellus to Bathyuriscus-Elrathina zone in age. The Monkton is thickest in the Milton
area and thins rapidly to the North and East where it transitions into black shales of the
Parker Slate within the Franklin Basin (Rahmanian, 1981). On the shelf, the Monkton
Formation grades upwards into the Winooski Dolostone. This package of rocks ranges in
thickness from 180 to 360 m and consists of thinly bedded unfossiliferous dolostones.
The Danby Formation conformably sits above the Winooski Dolostone and is 180 m
thick and consists of unfossiliferous white quartzite interbedded with sandy dolomites
interpreted to have been deposited in a shallow marine or possibly deltaic setting (Butler,
1986). The youngest Cambrian formation in the sequence is the Clarendon Springs
Formation, which yielded a Late Cambrian to Early Ordovician trilobite fauna (Stone &
Dennis, 1964). The Clarendon Springs is a massively-bedded limy dolostone which is at
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least 150 m thick. All of this siliciclastic and carbonate stratigraphy represents deposition
on the passively subsiding margin of Iapetus during the Cambrian.

1.5 Previous Sedimentologic Work
1.5.1 Altona Formation

Landing et al. (2009) interprets the Altona Formation as having been deposited in
a shallow marine environment. Two main outcrops were described by Landing et al.
(2009); one along the Old Military Turnpike and another on the Atwood Farm property
near Altona, New York. Lithologies along the Old Military Turnpike consist of beds of
pink to white-colored medium grained, feldspathic quartz arenites interbedded with
purple mudstone. Burrows, mudcracks, and wave ripples are present (Landing et al.,
2009). Lithologies at the Atwood Farm section are dominated by purple and red
mudstones with beds of arenaceous dolostones marking the change from the sandstone to
mudstone-dominated succession (Landing et al., 2009). Little quartz arenite is present at
this locality. Trilobite fragments from two localities, on at the Old Military Turnpike, and
one from the Atwood Farm site were recovered by Landing et al. (2009) and provide the
basis for his age determination of this unit. Based on these lithologies and the
identification of wave ripples sandstones, Landing et al. (2009) interpreted the Altona
Formation to represent a shallow inner shelf deposit of the transgressive systems tract.
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1.5.2 Monkton Formation

Rahmanian (1981) recognized the Monkton Formation as a regressive sandstone
consisting of interbedded terrigenous clastic and carbonate deposits that are repeated in
alternating fining upward cycles reflecting shallowing-up conditions characteristic of a
subtidal—intertidal marine environment. Moving east and northward from the Burlington
area, cycles interfinger with and grade into dolomite beds and carbonate breccias
consisting of platform detritus (Rahmanian, 1981). Speyer’s (1983) study of the Monkton
near its transition to the shelf margin confirmed Rahmanian’s earlier interpretation of the
tidally-influenced depositional environment for this unit.
Basal horizons of the Monkton are not exposed in the Burlington region, however
Goldberg and Mehrtens (1998) described facies in the lower Monkton that included a
description of a non-marine facies of this unit. Their study also applied a sequence
stratigraphy model to the Lower Cambrian stratigraphy that distinguished for the first
time between global and local tectonic effects on Monkton deposition. Using the
terminology of Posamentier, et al (1988) and Van Wagoner et al. (1988), the shallow
marine Dunham Dolomite is interpreted by Goldberg and Mehrtens (1998) to represent a
high stand system tract. The non-marine lower Monkton Formation, which
unconformably overlies the Dunham, is interpreted to be a lowstand system tract
(Goldberg & Mehrtens, 1998; Goldberg et al., 1995). This sea level interpretation agrees
with the previous sea level study along the Iapetus margin of Palmer and James (1980).
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However, the fluvial facies recognized by Goldberg and Mehrtens (1998) suggests that a
local tectonic uplift occurred during the deposition of the lower Monkton Formation, an
observation that has not been seen elsewhere along the margin.
On the basis of their trilobite faunas within the Monkton Formation, Palmer and
James (1980) recognized the coeval nature of many regressive sandstones along the
Iapetus margin of this age, and they proposed the name “the Hawke Bay Event” for the
regressive event that deposited red-colored arkosic sandstones of this age. These rocks
can be found between Newfoundland (Hawke Bay Sandstone) and Virginia (Rome
Formation). Palmer and James (1980) did not identify a cause of this regression, however
its basin-wide occurrence along the Iapetus margin implied that it reflected global
eustatic change.

1.6 Purpose of Study
This study is the first to compare the coeval Altona and Monkton Formations with
the aim of developing a better understanding of their relationship with regards to
depositional environment, provenance, tectonic setting, and sea level history. This project
has enhanced our knowledge of the tectonic history surrounding the ancient triple
junction of Vermont and Quebec. It has drawn conclusions regarding the different
depositional processes that occurred along both successful limbs of rifting as well as that
of the failed. Interpretations made from this project have been useful in correlating the
stratigraphy of the passively subsiding margin of Iapetus and the Ottawa Embayment
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(Potsdam Group), which has produced a refined sea level history through a sequence
stratigraphy interpretation.
1.6.1 Methods
Background

Sedimentological comparison of the Monkton Quartzite and the Altona Formation
was carried out in a variety of ways that utilized previous studies such as those by
Goldberg et al. (1995), Landing et al. (2009), and Rahmanian (1981), and includes field
work, petrography, and SEM/EDS (Energy Dispersive X-ray). These approaches enable
us to better understand depositional and compositional differences related to provenance
and the associated tectonic relationships. Collection of compositional and depositional
data started with fieldwork to measure and describe the Altona Formation. Measured
sections were used to identify lithofacies based on similar lithologies and sedimentary
structures in order to interpret depositional environment and identify sea level variations.
Representative samples from each of the facies identified were then cut into thin sections
for petrologic and SEM/EDS analysis. These data facilitate the classification of
sandstones while quantitative data on compositional differences aid in provenance and
tectonic interpretations.
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1.6.2 Depositional Environment
Field Work
To best interpret the depositional environment and provenance of the Altona
Formation, detailed fieldwork created measured sections referenced to samples for
petrographic analysis. Five field-sites were chosen in northern New York (Figure 5); sites
are located near the towns of Altona and West Chazy roughly, 20 minutes northwest of
Plattsburgh, New York. These sites were identified based of the initial work by Landing
et al. (2009) and an additional three exposures were located. Sites identified produced
three measured sections, which were later combined to form a composite section.
Combined sections include the Murtagh Hill section (UTM Zone 18, 610818E,
4960796N), Military Turnpike Section (Rt 190, UTM Zone 18, 0611758E, 4962606N),
and the Atwood Farm Section. (Zone 18, 0613737E, 4964653N). The Atwood Farm
Section is the thickest of these, including nearly 40 m of stratigraphy (Figure 6). The data
collected from each site include observations of textures, sedimentary structures,
paleoflow from sedimentary structures, and regional structures including rock attitude,
faults, and folds.
The stratigraphy was measured and described at the 10s of cm scale. Textural data
and descriptions of sedimentary structures were key to interpreting depositional
environment as this information records the processes acting on the sediment at the time
of its deposition. Paleoflow data were collected to identify trends in current or wave
motion. Paleocurrent data help to not only confirm wave verses current origin for the
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structures, but it also aids in the interpretation of paleogeography of the shoreline. Strike
and dip was measured on multiple outcrops at each field site. This information, combined
with previous knowledge of faults and folds in the area as well as geologic contacts
between the Precambrian basement and the overlying Ausable Formation, was used to
create a composite measured section.
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Figure 5

Figure 5: Generalized geologic map of the study area. Map illustrates important
geologic features in this study. These features include the Precambrian basement, the
three formations that make up the Potsdam Group, the overlying carbonates of the
Ordovician, and structural data collected in the field, including proposed normal faults.
Faults are recognized on the basis of elevation differences and juxtaposition of rock units.
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Figure 6: The Atwood Farm measured section represents the bulk of the stratigraphy measured and described for this thesis.
Nearly 34 m of section including covered intervals were measured representing deposition in the shallow marine environment. From
this section, six lithofacies have been identified and trends in stratigraphy relating to sea level changes have been identified. The
Atwood Farm exposure was combined with four thinner sections to create a composite section that was used in the depositional
environment and sea level interpretations.

Figure 6

Shoreface Processes and Product

Landing et al. (2009) described the general lithologies and sedimentary structures
present in the Altona Formation, which suggested to them that this unit was deposited in
a shoreline setting. The structures they recognized include oscillatory ripples, and
hummocky and herringbone cross stratification. The more detailed analysis conducted for
this study supports a shoreline origin for much of the Altona Formation; however, the
greater detail employed in this study led to the refinement of this general depositional
setting. Thus, a review of this environment is warranted.
Walker and Plint (1992) provide an overview of the shallow marine setting as a
system that encompasses as variety of environments that are laterally gradational and are
linked by a variety of processes. Much of the shallow marine environment can be broken
down into three morphologic elements recognized based on their sedimentary structures,
substrate material, proximity to wave base, and ichnofacies. Included in the shallow
marine setting are sub-environments, including the foreshore, shoreface, and offshore
(Figure 7). Table 1 summarizes these environments.
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Table 1: Shallow Marine Environment
Environment

Textures/comp

Structures

notes

Forsehore

Sand+and+Gravel

Heavy+mineral+laminations

Upper+Shoreface

Sand+and+Gravel

Planer+Lamination
Planar+laminations;+x<bedded;+
trough+x<beds

Middle+Shoreface

Fine+to+Coarse+sand

Lower+Shoreface

Fine+to+Coarse+sand

Offshore

Muds

Heavy+mineral+laminations

Fairweather+longshore+and+onshore+
currents,+Combined+flows,+upward+
Ripple+x<stratification;+2d+(20<
bundling+(aggrading),+3d+dunes+migrate+
400m+wavelength+and+3d+dunes+(1<
and+get+reworked+by+ripples.+SCS+suggest+
40+m+wavelength);+Swaly+x<
prograding+storm+dominated+deposits,+and+
stratification;+trough+crossbeds
are+stratigraphically+above+HCS.+Relaxation+
flows+from+storms
Interbedded+fine+sand+and+
offshore+mudstones;+HCS+(10<
Further+up+into+middle+HCS+disappears+up+
50cm+thick+below+fairweather+
section
wavebase,+storm+derived,+
interbedded+with+mud),+
HCS+(10<50cm+thick+below+
Transported+in+suspensions+10+of+kms,+mm+
fairweather+wavebase,+storm+
scale+laminations+(water+depleted+in+O2),+
derived,+interbedded+with+mud),+
Sharp+graded+beds+from+waning+flows+of+
mm+scale+laminations,+sharp+
storms+
based+graded+beds
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The major processes acting on the shallow marine environment include waves and
tides, which drive major and minor ocean currents. These processes are commonly
amplified by storm events. Waves acting on the shallow marine environment are
responsible for the variety of sedimentary structures and a general net onshore movement
of sand (Komar, 1976; Swift et al., 1986). Longshore and rip currents are produced in the
foreshore and shoreface as waves transport water obliquely on shore (Komar, 1976). As
longshore currents return seaward, rip currents are produced that are capable of moving
sand and gravel. These currents in the shallow marine system are commonly affected by
storms and the associated coastal set ups (the landward pile up of water).
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Figure 7

Figure 7: Cartoon illustrating the generalized shallow marine environment
(modified from Walker and Plint, 1992). This figure illustrates the major processes and
sedimentary structures produced primarily by wave action. Based on theses processes and
sedimentary structures, the shallow marine environment can be broken down into the
sand-dominated foreshore and shoreface, and the mud-dominated offshore environment.
These environments are defined by their location to the foreshore and the fairweather and
storm wave base. As waves approach the shoreface, they produce water motions that are
either oscillatory, unidirectional, or a combination of both. All of this water motion is
responsible for the transport and reworking of sand. During fairweather conditions, when
the frequency and amplitude of waves are at their minimum, the orbital motion that
reworks sand takes place on the shoreface and foreshore. During storm events, waves
grow larger and more frequent, causing the orbital motion to propagate further below the
sea surface. This results in the reworking of the muddy offshore environment.
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1.6.3 Compositional Analysis
Controls On Clastic Deposition

The composition of sediment that will ultimately compose a sedimentary rock is
controlled by a complex set of processes during pedogenesis, erosion, transport,
deposition, and burial. These, in turn, are controlled by a series of parameters that must
be considered when evaluating provenance. A general understanding of the controls on
clastic composition is a prerequisite to an accurate interpretation of provenance
(Johnsson, 1993). As summarized by Johnsson, (1993) these include: modification by
chemical weathering, mechanical disaggregation and abrasion, authigenic inputs and
hydrodynamic sorting. These parameters are in turn affected by the tectonic setting of the
source, transportation systems of the sediment, the depositional environments in which
the sediment is deposited, climate, vegetation, relief and slope. The role that each of these
might play in controlling the composition of the sediment that became the rocks of the
Altona Formation will be discussed further below, starting with a discussion of the
various ways in which provenance determination of sandstone may be complicated by
various factors, chief among these, chemical weathering.
As described by Goldich (1938) chemical weathering (dissolution, oxidation,
hydrolysis) depletes sediment of the more unstable minerals, causing a relative increase
in the more stable minerals. Thus, alkali feldspars, mica, and quartz are more stable than
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olivine, amphibole, pyroxenes, and plagioclase feldspar. Thus, the absence of these
minerals in a sandstone might reflect their paucity in a source rock or their removal from
intense chemical weathering. Sandstones might be expected to become enriched in stable
minerals such as quartz and zircon. While this might generally be the case, Johnsson and
Meade (1990) and Johnsson et al. (1991) note that sediment in temporary storage within a
system (eg, fluvial bars) may be rich in unstable phases such as authigenic and digenetic
phases when the sediment is subsequently released.
The intensity and duration of chemical weathering controls the degree of
alteration (Johnsson, 1993) and because reactions take place with the presence of water,
these factors are influenced by its quantity and composition. This is in turn controlled by
climate. For example, in tropical environments, where precipitation is greater than in arid
environments, weathering is at its greatest, resulting in a high degree of source rock
alteration. Franzinelli and Potter (1983), Johnsson et al. (1991), Johnsson et al. (1988),
and Potter (1978) have found that weathering from many different source rocks will
produce quartz arenites in this climatic condition. On the other hand, in arid climates
characterized by low precipitation and less intense weathering, a good correlation
between source rock and sediment composition exists (Girty et al., 1988). A great number
of studies have documented the effects of intense weathering on composition, including
Krook (1969), Rolfe and Hadley (1964), Rolfe and Hadley (1964), Krook (1969),
Johnsson and Meade (1990), Savage et al. (1988), and Savage et al. (1988). In their study
of mineral maturity in tropical sands, Savage et al. (1998) found that arkosic river sands
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passed seaward into quartz arenites with no change in sediment source supply; the
compositional changes were due to tropical weathering and strong wave action.
According to Johnsson (1993), the greatest effects of chemical weathering occur
in environments that are characterized by intense chemical weathering for a long
duration. Johnsson’s summary of weathering duration is based on the work of many
authors (Carson & Kirkby, 1972; Johnsson & Stallard, 1989; Johnsson et al., 1991;
Stallard, 1985, 1988; R. F. Stallard & Edmond, 1983). In general, when maximum
weathering rates exceed the ability of the transport process to remove material, erosion is
said to be transport limited. Conversely, if the transport processes removing weathered
material from an area are more rapid than the weathering processes creating the material,
erosion is said to be weathering limited. Johnsson and his coworkers (1989, 1990, 1991)
have suggested that in weathering-limited conditions, sediment generally reflects the
composition of source rock. In these conditions, weathering products are incompletely
leached, so cation-rich phases and immobile elements do not accumulate in the soil. This
leaves residual detritus that more closely reflects its source rock.
When sediments are stored in intense weathering environments, compositional
alteration will occur. For example, Johnsson and Meade (1990) documented that fluvial
sediments stored in the point bars of the Solimoes River in Brazil differ from the present
day source of sediment. They suggested that this is partly due to the fact that under
transport-limited conditions, weathering products have a large time to react with soil and
groundwater. Vegetation also plays a large role in the stability of soil and sediment and
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the degree of alteration due to duration of weathering because vegetation retains soil and
sediment in areas that would otherwise actively erode, leading to incompletely
chemically weathered detritus enriched in resistant phases, including quartz and relatively
immobile elements (Johnsson, 1993; Johnsson & Stallard, 1989; Stallard, 1985).
The chemical weathering of sediment continues during transport and deposition
and as Johnsson (1993) noted, the less durable constituents common in fluvial sands are
also the chemically least stable, making the effects of mechanical erosion and abrasion
difficult to separate from the effects of chemical weathering.
Mechanical weathering, including abrasion, affects composition in several ways.
According to Bradley (1970), it leads to an increase in surface area, which promotes
further weathering. Additionally, particles that are more weathered are more susceptible
to abrasion. As documented by Kuenen (1960, 1964) and Dutta et al. (1991), in eolian
and beach environments, abrasion removes the less mechanically stable components
including lithic fragments. These authors also documented why physical abrasion is so
effective by showing that mechanical breakdown will occur if the impact energy during
saltation is greater than the bond energy across cleavage planes.
Among the documented compositional effects from mechanical weathering during
transport, several authors describe the increase in quartz:feldspar ratios downstream.
Cameron and Blatt (1971) along with Shukis and Ethridge (1975) document the
downstream reduction of unstable lithic fragments. They show that schist fragments are
mechanically destroyed within 15 miles of a high gradient stream while felsic and silicic
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volcanic rock fragments are much more durable and can be transported at least several
hundred miles without suffering a decrease in abundance. Pittman (1969) documents that
twining in plagioclase leads to destruction, with the C-twinned plagioclase destroyed
more readily than A-Twin plagioclase and untwinned plagioclase increases downstream
as twined plagioclase decreases downstream.
As noted in Graham et al. (1993), clastic sediment derived from previous clastic
rocks contain complex compositional signals reflecting each previous episode of erosion,
weathering, transport, deposition, and diagenesis. Slatt and Eyles (1981) and Slatt and
Stykes (1981) examined first and second-cycle glacial sands in Arctic environments
where the influence of chemical weathering could be presumed to be slight. They noted a
decrease in lithic fragments and an increase in feldspar abundance in recycled sands as a
result of mechanical breakdown of lithic fragments.
During diagenesis, the alteration of sandstone composition can occur. Diagnetic
effects include the dissolution of detrital grains, precipitation of authigenic grains, and
cementation. It is important to recognize these effects so that the original composition at
the time of deposition can be inferred. For example, feldspars are vulnerable to
calcification, albitization and zeolitization through dissolution and precipitation
(McBride, 1985). McBride (1985) also notes that the digenesis of sandstones can result in
the dissolution and dolomitization of carbonate rock fragments, if present. Loss of this
type of sedimentary lithic fragment might prevent the recognition of recycling from a
prior sedimentary rock.
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In summary, sandstone composition does not necessarily have a one to one
correlation with source rock; however, if an understanding of the factors controlling
sandstone composition are identified, an interpretation can be made regarding
provenance. Through detailed petrographic study to collect compositional data on Altona
sandstones and the use of the Dickinson and Suczek (1979) method for modal analysis, a
provenance interpretation for the Altona Formation has been made and will be discussed
below.

Compositional Classification

The limitation of identifying fine-grained components, opaque minerals, and the
challenge of distinguishing between quartz and feldspar under the petrographic
microscope makes it difficult to accurately interpret provenance. To address this, the
SEM/EDS (scanning electron microscopy with energy dispersive analysis) instrument at
St. Lawrence University was used. SEM/EDS provides the operator with the ability to
analyze composition of individual grains quickly within the field of view as well as
identify compositional and textural differences related to diagenesis. Compositional data
was collected using the grey scale intensity for each grain, confirmed by X ray analysis,
which resulted in the rapid identification of minerals. Grains were quickly identified on
the grey scale based on the average elemental atomic number within minerals. For
example, the iron-rich ilmenite grains are bright due to the higher atomic number of Fe
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relative to Si or Ca and quartz and feldspars are darker due to the lower atomic number of
Si, Ca, and K. Samples from each lithofacies were made, coated with gold and placed in
the microscope.

Multiple transects were made across each thin section so that

approximately 300 grains could be identified. Along each transect photos were taken
after which a grid was overlaid. The grid ensured that grains were randomly selected to
count and their composition (either Quartz (Q), Feldspar (F), or Lithic (L)) was recorded.
Transect photographs were also used for grain size analysis for each sample. Appendix A
contains grain size data and Appendix B contains point count data.
The compositional data collected were used to classify the sandstones on the
classification scheme of Folk (1980). This approach utilizes a QFL ternary diagram to
plot the proportions of detrital framework grains, Quartz (Q), Feldspar (F), and Lithics
(L), which form the basis for the sandstone classification scheme. The same QFL data
can be used in modal analysis.
Dickinson and Suczek (1979) pioneered the approach of plotting proportions of
detrital framework grains as a function of provenance types that are governed by plate
tectonics (Figure 8). Their work suggests that the differences in the composition of
modern sands from different known tectonic settings can be used to interpret the tectonic
settings of older sands. In other words, there is a correlation that exists between sandstone
composition and plate tectonic settings. Dickenson and Suczek (1979) suggested that
because framework modes reflect key factors in sand genesis, the volumetric data
collected on sandstones can be plotted on ternary diagrams to discriminate between major
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tectonic settings. Four separate ternary diagrams, QFL, Qm,FLt , QpLvLs, and QmPK,
are used to critically discriminate between pairs of provenance and basin types. QFL
plots emphasis weathering, provenance relief, and transport mechanism as well as source
rock. Plots of QmFLt (monocrystalline quartz, feldspar, sum of the unstable lithic
fragments) emphasize grain size of the source rock, because fine-grained rocks yield
more lithic fragments. QpLvLs (chert, volcanic, sedimentary lithics) and QmPK
(monocrystalline quartz, plagioclase, k-spar) plots reveal the character of the
polycrystalline and monocrystalline components. When data are plotted on ternary
graphs, diagrams indicate one of three tectonic provenances: continental block where
sediment is sourced from shields, platforms, or faulted basement; magmatic arc sources
including active arc orogens or active continental margins; or recycled orogen, where
sediments are being sourced from previous stratigraphy along seduction zones, collisional
orogens, or within foreland fold and thrust belts.
Johnsson’s (1993) critiques of this method of provenance study suggest that
sandstone composition and provenance do not correlate on a one to one basis because of
the variety of ways in which the composition of sand grains can be modified, as described
above. Because of the predominance of monocrystaline and polycrystalline quartz,
feldpars, and the lack of lithic fragments, volcanics, and chert in Altona sandstones, only
total quartz, feldspar, and lithic fractions were plotted.
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Figure 8

Figure 8: Detrital modes include: Q is the total quartz + chert; F is the total
feldspar, L is the total lithics; Qm = monocrystalline quartz +chert; Qp= polycrystalline
quartz, Lv= volcanic lithics; Ls= sedimentary lithics. These framework modes are point
counted and their abundance plotted on ternary diagrams in order to discriminate between
major tectonic settings. After Dickinson and Suczek (1979).

35

CHAPTER 2: DEPOSITIONAL ENVIRONMENT AND SHORELINE
MORPHOLOGY

2.1 Lithofacies 1:

2.1.1 Description

Lithofacies 1 is a very fine to medium grained, moderately well-sorted sandstone
containing a variety of sedimentary structures including upward bundling ripple cross
laminations, combined flow ripple cross laminations, and swaley cross stratification
(Figure 8). Along with these structures, planar cross stratification and dwelling burrows
have been identified. Planar cross stratification is up to 1 m thick, pinches out laterally
over 10 m, and is generally topped by 2D or 3D weakly asymmetrical ripple cross
lamination. Swaley cross stratification up to 2 m thick passes into upward bundling cosets
of ripple cross laminations < 0.5 m thick. Individual ripples consist of both form
concordant and form discordant morphologies with wavelengths of up to 10 cm and
amplitudes < 8 cm. Sandstones are dolomitized, reacting weakly to diluted HCl.
Stratigraphically, this lithofacies is associated with that of Lithofacies 1a and is underlain
by Lithofacies 6 and overlain by Lithofacies 3.
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2.1.2 Interpretation

Lithofacies 1 is interpreted to represent sediment that accumulated on a wavedominated upper to middle shoreface that was periodically inundated by storms. This
interpretation is based on the combination of sedimentary structures including upward
bundling ripples, swaley cross stratification, combined flow ripple cross lamination and
planar cross stratification as well as its association with the trough cross bedded
lithofacies of 1a. Planar cross stratification is interpreted to represent large migrating bars
(2D dunes) under primarily unidirectional flows whereas 2D and 3D upward bundling
ripples are aggrading bedforms with a consistent sediment supply being deposited under
primarily oscillatory flow with a small unidirectional component (Harms, 1974). 2D
dunes are commonly found on the shoreface forming as a result of fairweather longshore
and onshore currents (Clifton et al. 1971). Swaley cross stratification which passes
vertically into ripple cross laminated stratification is suggestive of deposition on a storm
dominated upper shoreface (Lecki and Walker, 1982). The passage into ripple cross
lamination is suggestive of a waning flow following storm conditions.

37

2.2 Lithofacies 1a:

2.2.1 Description

Lithofacies 1a is a moderately well sorted, fine-grained trough cross bedded
sandstone (Figure 9). Beds are 0.5 m thick, have erosive bases and contain strongly
asymmetrical 3D troughs up to 30 cm deep. This lithofacies occurs in the lower Atwood
Farm section in association with Lithofacies 1.

2.2.2 Interpretation

Based on the presence of erosional bases and large asymmetric 3D troughs, this
lithofacies has been interpreted to represent deposition from either rip currents or poststorm relaxation flows on the upper or middle shoreface. Based on flume studies, these
structures represent combined flows with oscillatory flows of 40-100 cm/s and
unidirectional flows > 10cm/s (Dumas et al., 2001). Relaxation flows have been
identified by Swift (1985) on the Atlantic shelf following storms, where cyclonic flow
drives water landward, followed by pressure gradients that drive a bottom return, or
downshelf, flow.
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Figure 9

Figure 9: Lithofacies 1; A) Stratigraphic column showing bed thickness of L1 and
their association with beds of L1a. B) Field photos of L1 illustration upward bundling
ripple cross stratification, combined flow ripples, and topped by lamination of swaley
cross stratification. C) Photomicrograph a L1 under crossed polarized light. This
lithofacies is moderately well sorted and is a very fine to medium sand. D) Field photo of
the trough cross bedded L1a. These troughs have erosional bases up to 30 cm thick. E)
Photomicrograph of L1a under crossed polarized light. This lithofacies is a moderately
well sorted fine sand.
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2.3 Lithofacies 2:

2.3.1 Description

Lithofacies 2 is a heterolithic unit containing dolostone, siltstone, and fine-grained
sandstone exhibiting cyclic transitions between lithologies. Figure 10 illustrates the
variety of lithologies and cyclic nature of this lithofacies. Dolostones are up to 0.5 m
thick and are occasionally silty with some evidence of graded bedding and cross bedding.
Carbonates grade into siltstones and sandstone beds. These beds are thin (3 cm) and may
be rippled. Some beds appear to contain bioturbation. Biostratigraphically important
trilobites have been identified within this lithofacies by Landing et al. (2009). This
lithofacies is located in the middle of the Atwood Farm section and is associated with
Lithofacies 4 and 5 and overlays Lithofacies 1 and 2.

2.3.2 Interpretation

On the basis of its predominantly carbonate lithology, occurrences of cross
bedding, and stratigraphic position overlying offshore deposits of Lithofacies 4,
Lithofacies 2 is interpreted to be deposited in the offshore zone of a carbonate ramp. The
predominantly carbonate composition with interbedded siltstones and fine-grained
sandstone implies that this setting was characterized by a limited siliciclastic sediment
40

supply. Applying Mount’s (1984) model for mixed siliciclastics and carbonates, the
supply of siliciclastic material is interpreted to be derived from storms onto a carbonate
ramp.
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Figure 10

Figure 10: Lithofacies 2: A) Stratigraphic column showing thickness of L2 beds
and their association with L4. Note the interbedding between L2 and L4. B) Field photo
of massive dolostone grading into siltstone and fine rippled sand. C) Photomicrograph of
dolostone of L2. Note that there are thin laminations of silt. D) Field photo showing
cyclic deposition of L2 and L4. The bottom of this photo is a massive dolostone at ~2.5
m in the strata column of A. E) Field photo of what is interpreted to be a burrowed and
rippled sandstone.
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2.4 Lithofacies 3:

2.4.1 Description

Lithofacies 3 is a graded arenaceous dolostone containing poorly sorted medium
grained sand and ripple cross laminations. Figure 11 shows that beds are 0.5 m or less in
thickness and contain either trough cross beds up to 14 cm thick or stacked sets of
unidirectional to oscillatory rippled cross laminations. This lithofacies is located towards
the base of the Atwood Farm section as well as the Military Turnpike section, in close
association to Lithofacies 6.

2.4.2 Interpretation

The identification of an arenaceous dolostone with graded beds and cross bedding
is the basis for interpreting this lithofacies as having been deposited in the nearshore zone
on a carbonate ramp with higher sediment input than that of Lithofacies 2. The graded
beds and presence of unidirectional and oscillatory flow suggests the presence of bottom
currents (longshore or rip). The environment envisioned for this lithofacies is similar to
that of the modern Qatar Peninsula described by Shinn (1973), where sediment is being
derived from the beach either as eolian sands being blown into the sea under the
influence of wind and/or slumping of sand down the dune forest into the sea. Mount
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(1984) describes this type of occurrence as facies mixing. This lithofacies is underlain by
the deeper shoreface deposits of Lithofacies 1 and is overlain by offshore mudstones.
Figure 11

Figure 11: Lithofacies 3; A) Stratigraphic column of L3 showing graded nature of
arenaceous dolostones and bed thickness. B) Field photo of L3 illustrating graded
bedding and primary sedimentary structures including planar tabular cross stratification
and combined flow ripples. C) Photomicrograph of L3 showing poorly sorted medium
sand in arenaceous dolostone.
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2.5 Lithofacies 4:

2.5.1 Description

Lithofacies 4 is a heterolithic unit dominated by mudstone but containing
sandstone, siltstone, and dolostone. Figure 12 illustrates the interbedded nature of the
sandstones and mudstones as well as the sedimentary structures found within the
sandstones. Mudstones are red and grey in color with mm scale laminations. Trace fossils
are present but rare. Sandstones are poorly sorted, fine to coarse-grained, and contain
planar cross beds, ripple cross lamination, and hummocky cross stratification (HCS).
Planar cross beds have erosional bases, are occasionally graded, and change thickness
laterally over ~50 meters from 4 to 30 cm. Ripple cross laminations are present with
cosets less than 10 cm thick and are either form concordant or discordant. Siltstones
contain 1 cm thick ripple cross lamination and locally there are 1–2 cm thick lenses or
nodules of dolostone. HCS is up to 70 cm thick with a wavelength of 10 m. HCS is found
in one isolated locality along Rand Hill Road in Jericho, New York interbedded with
bioturbated mudstones and siltstones (Jericho member from Sanford and Arnott, 2010).
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2.5.2 Interpretation

Lithofacies 4 is interpreted to record deposition of offshore muds near the
transition from the lower shoreface to offshore zones. The presence of HCS and planar
cross beds interbedded with bioturbated mudstones suggests episodically high energy
conditions separated by times of lower energy suspended sediment deposition. These are
conditions that are characteristic of storm deposits in the offshore zone of the shallow
marine environment (Dumas et al., 2001; Harms et al., 1975). Dumas et al. (2001) have
described similar features in flume experiments and suggest that HCS forms due to
purely oscillatory flow (50–90 cm/s) or oscillatory–dominated combined flow with a
unidirectional component < 12 cm/s. Planar cross beds are interpreted to represent the
distal reaches of storm deposits. Nelson (1982) has described modern shallow water
graded beds in the Bering Sea as storm surge deposits where bottom currents transport
sediment offshore from the Yukon delta shoreline nearly 100 km.
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Figure 12

Figure 12: Lithofacies 4; A) Stratigraphic column showing mudstone and
sandstone bed thicknesses of L4. Note the interbedded nature of the mudstone and
sandstone. B) Field photo showing mudstone with thin sandstone and dolostone beds that
pinch out laterally. C) Photomicrograph of the ripples sandstone layers under crosspolarized light showing poorly sorted fine sand. E) Idealized sedimentary structure sketch
from sandstones of L4 showing erosive nature and transition from mudstone to rippled
siltstone to cross bedded sandstone back to rippled silt and mudstone.
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2.6 Lithofacies 5:

2.6.1 Description

Although poorly exposed, Lithofacies 5 can be described as a poorly sorted,
feldspathic fine to medium-grained sandstone. 50 cm thick beds appear to be graded with
possible ripple cross laminations. This lithofacies is interbedded with Lithofacies 2 and
is found towards the top of the Atwood Farm section (Figure 13).

2.6.2 Interpretation

This lithofacies is interpreted to have been deposited under conditions of waning
flow velocities due to its graded nature, stratigraphic position interbedded with
dolostones, and stratigraphically succeeded by Lithofacies 6. The sandstones of this
lithofacies are interpreted to represent “event beds”, siliciclastic sediment washed onto
the carbonate ramp following a runoff event (storm). This lithofacies may represent the
nearshore component of the event beds represented by the graded planar cross bedded
sandstones of Lithofacies 4. Because of its poor exposure, a more detailed interpretation
is not possible.
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Figure 13

Figure 13: Lithofacies 5; A) Stratigraphic column of L5 showing graded bed
thickness and association with dolostones of L2 interbedded with sandstone. B) Field
photo of graded beds of L5 transitioning to interbedded sandstone and dolostones (L2).
This represents the first 2 m of stratigraphy in the stratigraphic column shown in 12A. C)
Photomicrograph of L5 sands under crossed polarized light. Sands are fine to medium
and poorly sorted.
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2.7 Lithofacies 6:

2.7.1 Description

Lithofacies 6 (Figure 14) is a medium to coarse-grained poorly sorted sandstone.
This lithofacies contains 15 cm thick planar cross stratification with graded beds. In some
cases, planar cross stratification is topped by 2D and 3D ripples. This lithofacies is
exposed at the Military Turnpike section, where it is in contact with the Precambrian
basement, and at the top of the Atwood Farm section interfingering with the fluvial
Ausable Formation of the Potsdam Group. At the former locality, it is overlain by the
arenaceous dolostones of Lithofacies 3.

2.7.2 Interpretation

This is the only lithofacies in the Altona Formation that is not deposited in the
shoreface-offshore setting. Sedimentary structures present are not unique to any
depositional environment; however, its occurrence onlapping Precambrian basement and
stratigraphically occurring below wave-reworked sandstones and nearshore carbonates
suggests that this lithofacies records deposition in a fluvial to marginal marine setting.
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Figure 14

Figure 14: Lithofacies 6; A) Stratigraphic column of L6 showing graded bed
thickness and association with L1. B) Field photo showing bottom 1 m of stratigraphic
column of 13A. Note that individual beds are graded. C) Photomicrograph of L6 under
cross polarized light. Note that this is a moderately sorted medium sand with silica
cement and muddy matrix. D) Trough cross beds of L6 with notebook as scale at bottom
scale. E) Wave rippled top of L6 on a graded beds towards the top of this lithofacies.
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2.8 Summary

Based on these six lithofacies, the Altona Formation is interpreted to be deposited
on a mixed siliciclastic/carbonate, wave dominated, fluvial influenced shoreline that was
periodically inundated by storms. Wave dominance is interpreted from the recognition of
oscillatory and combined flow wave structures throughout the section, as well as cross
bedding formed from major coastal currents, which form as a result of wave action. The
trough cross beds of Lithofacies 1a are produced from a combination of longshore and
offshore currents which are a result of breaking waves and storms on the shoreface
(Komar 1976; Swift et al., 1986). The presence of the poorly sorted graded cross beds of
Lithofacies 6 and the event beds interpreted to be distal reaches of storm surges of
Lithofacies 4 and 5 suggest that the Altona Formation has a fluvial influence. Nelson
(1982) identified storm surge deposits coming off of the Yukon delta front extending
nearly 100 km offshore and this is the process envisioned for the deposition of
Lithofacies 4 and 5. Periodically, deposition transitioned from siliciclastic to carbonate
ramp environments, a transition controlled by sediment supply to the carbonate ramp.
With regards to Mount’s (1984) model for the origin of mixed siliciclastic and
carbonate systems, the Altona Formation represents two different types of mixed
siliciclastic/carbonate environments. The offshore carbonate facies of the Altona
Formation is interpreted to represent a punctuated mixing due to the landward transport
of carbonate and the seaward transport of siliciclastic material during storm. This
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interpretation is based on the observation of cross bedded dolostones which grade into
rippled siltstones and mudstones. The nearshore carbonates of Lithofacies 3 are
interpreted to represent facies mixing where eolian dunes and beach sands mix with
nearshore carbonate ramp deposits. With increased sediment supply, in both the offshore
mixing and nearshore mixing settings, carbonate production ceases.
The Altona Formation represents deposition in a very complex environmental
setting ranging between siliciclastic and carbonate end members, both of which
experienced a variety of sedimentary processes. In general, deposition was occurring on
the coastal plain/shelf system with sediment being derived from nearby river systems and
deltas. Longshore or offshore currents then transported sediment during fairweather and
storm conditions where it was then reworked by waves or became part of offshore bars
(Figure 15).
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Figure 15

Figure 15: Facies model depicting the various depositional environments of the
Altona Formation. Sediment sourced from the Adirondacks is transported to a carbonate
rich platform where wave and storm derived currents rework the sediment and confine it
to the shoreface. Storms provide the necessary energies to transport and rework sediment
further offshore into the muddy and sometimes carbonate rich offshore environment.
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2.9 Discussion
2.9.1 Mixed Siliciclastic Carbonate Environments

The environment envisioned for the Altona Formation is one of a mixed
siliciclastic- carbonate system. The complexities of this type of system raises many
question regarding deposition of the Altona Formation. Of particular interest in the
Altona Formation is why we observe carbonate in the nearshore and off shore
environments mixing with siliciclastics. What processes are present in the environment to
explain the association of facies identified and is there a modern example of this? Mount
(1984) summarizes models for generating mixed siliciclastic -carbonate environments
and his study provides the background for the processes involved in deposition in these
types of environments.
According to Mount, mixed environments refer to sediments composed of textural
mixtures of carbonate and siliciclastic materials and not those of interbedded carbonates
and clastics. The Altona Formation fits into this category as many of the clastic deposits
also contain some percentage of dolomite and seemingly pure dolomites contain silt and
sand. Because of this an overview of the processes described by Mount is warranted in
understanding the depositional environment and processes behind the deposition of the
Altona Formation.
Mount (1984) provided examples of four categories of processes in the shallow
marine environment in which mixing of siliciclastic and carbonate sediment occurs.
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These include; 1) punctuated mixing; 2) facies mixing; 3) in situ mixing; and 4) source
mixing. Of these four categories the processes acting on the Altona sands can be
categorized as punctuated mixing and facies mixing.

According to Mount (1984)

punctuated mixing occurs when there is transportation of sediment during major storm
events. For example, the transfer of subtidal terrigenous and carbonate muds onto tidal
flats, or the transport of nearshore siliciclastic material into deeper subtidal carbonate
environments by storm currents driven by waves are examples of punctuated mixing
(Kreisa, 1981; Mount, 1984). In facies mixing, sediments are mixed along the diffuse
borders between contrasting facies. For example, Mount describes reef or shoal-derived
carbonates and tidal flat carbonates mixing with the subtidal, back-reef and tidal channel
siliciclastics. Another process may be that of eolian sands mixing with nearshore and
tidal flat carbonates similar to that of the Quatar peninsula described by Shinn (1973).
The last two types of mixing are worth mentioning but are not interpreted to be
apart of the depositional environment of the Altona Formation. Mount (1984) describes
in situ mixing as occurring through the autochthonous generation of carbonate material
within clastic sediments. This mixing takes place in the subtidal, terrigenous muddominated environments where carbonate productivity is high. This mixing also occurs in
sub tidal to intertidal environments by algal binding and by inorganic precipitation of
carbonates. Organisms are incorporated and mixed within terrigenous mud by the action
of burrowing and weak tidal or oceanic currents. Algal mats can also trap sediment. Since
there is no evidence of algal structures, such as stromatolites, this model is rejected for
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the Altona.

The last of the categories for mixed environments is source mixing.

According to Mount this occurs due to the erosion of uplifted carbonate source terranes
along marginal marine environments. This does not reflect the paleoecological conditions
on the shelf but instead is a product of the composition of the source terranes and the
effects of erosion, transportation, and deposition (Mount, 1984). Very few intraclasts of
carbonate material were noted in the petrographic portion of this study, so this model for
mixing is also rejected.
The Altona Formation records sedimentation similar to Mount’s punctuated and
facies mixing. For example the interpretation of a wave and storm dominated
depositional environment and the association of event beds interbedded with offshore
dolostones is similar to the processes described in Mount’s punctuated mixing.

Storm

derived currents transport nearshore and shoreface sediments into the offshore
environment where sedimentation is primarily that of the production of carbonates. The
silt and sand identified in these offshore dolostones reflect the input of clastics, when
dolostones transition into wave rippled and current reworked sands and silts the input of
clastics is enough to slow the production of carbonate. This does not however cease
production as many of the sands contain dolomite as their cement.
With facies mixing, carbonates and siliciclastics are mixed along diffuse facies
transitions. Of particular interest within the Altona Formation is the arenaceous
dolostones lithofacies (Lithofacies 3). This lithofacies is interpreted to be a nearshore
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carbonate deposit with clastics being introduced as longshore currents pluck this material
from the adjacent beach or from backshore wind blown eolian sands.
These types of mixing are seen in a variety of modern environments including
examples from Nicaragua (Murray et al., 1982; Roberts, 1987; Roberts & Murray, 1978)
and the Red Sea (ex, Roberts, 1987). Although neither of these examples are a perfect
analog for the Altona Formation each have processes and facies which help to explain the
depositional interpretation derived here. The Nicaraguan shelf is characterized by a large
flux of sediment into the nearshore through a large amount of rainfall and ensuing runoff.
This sediment is confined to a narrow strip along the shore extending seaward 20 km
from the shore by strong currents; the remainder of the shelf consists of carbonate
sediments and reefs (Murray et al., 1982; Roberts, 1987). According to Roberts (1987)
currents have the ability to segregate sediments, in this case keeping the sand just off the
nearshore allowing for clean enough water for carbonate production. Sedimentary
structures interpreted to be produced by strong currents have been recognized in the
Altona Formation. This suggests that deposition of clastic sediment was segregated and
deposited in confined areas of the shelf from current activity on an otherwise carbonate
rich environment. Although the Altona sands are interpreted to be shoreface and not
nearshore environments, this example helps to explain the idea that currents can keep
sediments confined allowing for the production of carbonates elsewhere. As this happens
there is some input of clastics into the nearshore from facies mixing. The Red Sea is
another example in which nearshore carbonates are mixed with siliciclastics however this
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environment is more controlled by tectonics rather than high sediment influx and
currents.
High relief and fault controlled basin margins in an arid environment following
rifting of the Red Sea produced topographic relief that created alluvial fans which
protrude into the carbonate-producing Red Sea. Large discharge events leads to mixing
characterized by abrupt transitions of siliciclastic and carbonates along the distal ends of
these alluvial fans (Roberts, 1987). This would be an example of Mount’ s facies and
punctuated mixing.
Within the Altona Formation, lithofacies 5 and 6 are interpreted to represent
marginal marine sediments being deposited by a fluvial system into a primarily carbonate
nearshore environment. With large storm events the input of sediments may increase
leading to further transportation of sediment into the shoreface and eventually the
offshore. Tectonically these two environments may also be similar as deposition of the
Altona follows the rifting of the Iapetus Ocean.
The Altona Formation represents facies and punctuated mixing of siliclastics and
carbonates (refer to facies model of figure 15). For the following environmental
interpretation it is helpful to think of the margin of Iapetus as primarily a carbonate
environment with sediment input from the nearby uplifted Grenville basement of the
Adirondacks (ref. Chapter 3 for provenance). Sediment is transported into the carbonate
rich nearshore environment by fluvial processes where it is then reworked by waves.
Sediment that makes it further into the shoreface is deposited and confined to the
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shoreface by longshore currents. During large storm events sediment is transported
further offshore where it mixes with offshore muds and dolostones.

2.9.2 Shoreline Morphology

Following the work by Ainsworth et al. (2008) on predicting coastal deposition
styles in regards to basin morphology, the Altona Formation is interpreted to have been
deposited on a straight to lobate shoreline. This interpretation is based on lithofacies
analysis and application of Ainsworth’s model for coastal depositional style. This model
relates the relative influence of waves, fluvial discharge, tides, basin morphology and
accommodation and sediment supply ratio. Coastal depositional style is based on
shoreline morphology, for example highly embayed shorelines are not only more likely to
experience greater tidal ranges but also a reduced impact of wave energy due to its
protective nature (Ainsworth et al., 2008). As shorelines become less embayed and
straighten, the influence of tides is decreased and the influence of waves increases. Based
on the abundance of wave structures and the lack of tidal signatures, the Altona
Formation is envisioned to have been deposited on a straight to lobate shoreline with
minor fluvial influence. The identification of the fluvial to marginal marine Lithofacies 6
was critical to this interpretation. The presence of event beds (HCS) suggests that this
shoreline was also periodically inundated by storms.
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2.9.3 Paleoflow

Although not large in number, paleoflow data collected on both unidirectional and
oscillatory sedimentary structures record flow that is generally SW-NE in direction. If
crestlines generally run parallel to the shoreline, this supports the depositional model and
the interpretation of a SW – NE trending coastline (Figure 16). This suggests that
oscillatory wave action was acting in a NW- SE direction. Data collected on trough and
planar cross beds interpreted to be megaripples generated by either longshore currents,
migrating offshore bars, or return flows, suggest a strong current to the SW with some to
the NW and to the SE. The strong SW paleoflow is interpreted to be that of the longshore
current based on its parallel nature to that of the crestline trends and no current to the NE.
Paleoflow directions oriented 90 degrees to those proposed to be from longshore currents
may reflect migration of either longshore bars or post storm relaxation flows and rip
currents.
Paleoflow data is in agreement with interpretations of the trend of the Ottawa
Embayment and the paleogeography of the margin of Iapetus in this region. Many of the
Cambrian formations in the Appalachian region show evidence of a western cratonic
source, based on a coarsening grainsize and increase in thickness from east to west
(Palmer, 1971).

Studies on the Pre-cambrian and Cambrian of Vermont have also

commented on facies transitions and thickness trends to the north and north west all of
which also suggest a continental margin to the west. Along with this and a Grenville
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Adirondack provenance interpretation for both the Altona and Monkton Formations, a
paleogeographic interpretation of a roughly N – S and NW –SE trending coastline for the
Iapetan margin in the northern Vermont and New York area is proposed. Since the
antecedent geology possibly influenced later geologic events, it is not unexpected that
this orientation corresponds well with the modern day North American coastline as well
as the trend of the Ottawa Bonnechere aulacogen.

62

Figure 16
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Figure 16: Oscillatory and unidirectional paleoflow data. The crestline trend rose
diagram illustrates oscillatory wave ripples with a current perpendicular to the trends.
Trough and planar cross beds illustrate the direction of the unidirectional currents.

63

CHAPTER 3: COMPOSITION ANALYSIS AND PROVENANCE

3.1 Compositional Analysis

The Altona Formation is a heterolithic rock unit but the most abundant lithology
is sandstone. Sandstone texture and compositional data was collected through point
counting in order to best interpret the source of these sediments. Based on analysis of
point count data on textures and composition, the Altona Formation is a fine to mediumgrained arkose sandstone (after Folk, 1980). Based on Dickinson and Suczek’s (1979)
QFL ternary diagram segregating between major tectonic settings, sandstones are
interpreted to be sourced from a continental block (Figure 17), most likely the Grenville
Adirondack Mountains of New York. This interpretation is supported by the accessory
mineral suit, detrital zircon geochronologic data, and interpretations regarding the unit’s
depositional environment geologic history of the Adirondacks.
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Figure 17

Figure 17: QFL Ternary Diagrams. A) Sandstone classification of Folk (1980), based on
point counts of Altona sandstones. The most abundant composition is an arkose
sandstone, however, some samples plot in the subarkose to quartz arenites range. B)
Dickinson and Suczek (1979) QFL ternary plot discriminating between major tectonic
settings. Point count data suggest that Altona sands are being sourced from a continental
block from either an uplifted basement, craton interior or transitional continental setting.
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3.1.1 Data and Observations

The Altona Formation is primarily a sub-arkose to quartzarenite sandstone;
however, several other compositions are present, including arenaceous dolostones,
dolomitic sandstones, dolomite, and mudstones (Figure 18, Table 2). Of the entire
measured section, 31% is sandstone, 10% is primarily carbonate in composition, 8% is
mudstone interbedded with sandstone, and 51% is covered interval. The compositional
breakdown for sandstones is as follows: 7.69% dolomitic arkose sandstone, 7.69%
arenites, 53.38% arkose, 15.38% sub arkose, and 15.38% arenaceous dolostone. Detrital
sand grains consist of quartz, feldspar, and minor lithics. Quartz grains are
monocrystalline to polycrystalline rounded to sub-rounded with quartz overgrowths. The
nature of the overgrowths leads to an over estimate of grainsize; however, this is slight.
Detrital feldspar grains are either potassium-rich or calcium-rich and many show perthitic
textures. Like the quartz overgrowths, authigenic feldspar surround detrital grains and in
the matrix creates difficulty in identifying grain boundaries leading to an overestimate of
grainsize. Lithic fragments have been identified and are primarily sedimentary in
composition. Detrital dolomites, silt, and mudstone grains with similar composition to the
iron-rich matrix are the primary constitutes of the lithic fraction within sandstones.
Dolomites are non-planar, unimodal, and void-filling (after Sibley and Gregg (1987)).
XRD analysis on Altona shales and mudstones show that they are composed primarily of
orthoclase and muscovite.
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100

94.94

Arenaceous/
Dolostone
Arenaceous/
Dolostone

68.9

77.2

35.8

Arkose

Sub/Arkose

Arkose

91.9

19

Dolomitic/Arkose/
Sandstone
Arenite

%Q

Name

37.92

24.9

43.6

31.49

28.3

0

5.06

31.1

21.8

63.3

7.79

81

%F

0

2.3

0

0

0.4

0

0

0

1

0.9

0

0

%L

0.91

3.61

3.76

5.88

2.55

0

0

6.15

2.5

1.88

0.31

2.91

Acc

Rutile,/Ilmenite,/and/Apatite

Ilmenite,/Rutile,/and/Zircon

Medium/Sand

Medium/Sand

Fine/Sand

Fine/Sand

Apatite,/Ilmenite,/Rutile,/and/
Zircon
Apatite,/Ilmenite,/and/Rutile

Fine/Sand

&

&

Fine/Sand

Coarse/Sand

Fine/Sand

Medium/Sand

Very/fine/sand

Grainsize

Apatite,/Ilmenite,/and/Zircon

NA

NA

NA

Ilmenite,/Apatite,/and/Rutile

Apatite,/Rutile,/and/Biotite

Apatite,/Zircon,/and/Rutile

Apatite,/Ilmenite,/and/Rutile

Acc4Suite4(In4order4of4
decreasing4abundance)
Notes

bottom/of/section

top/of/section

Contains/Barite

Non&planer,/unimodal,/void/filling/dolomite;/
3.42%/Qtz/96.54%/Dolomite

Non&planar,/unimodal,/void/filling/dolomite;/
34.5%/grains,/64.5%/dolomite/cement

Matrix/is/mostly/authigenic/feldspar

Had/difficulty/distinguish/between/qtz/and/feld./
Get/Photos/and/clean/off/polish

32.1%/Dolomite;/Very/difficult/to/see/grain/
boundaries/and/distinguish/between/qtz/and/
feldspar

Table 2: Composition Summary

The accessory mineral suit is composed of primarily apatite, ilmenite, rutile, and
zircon (Table 2). These data were collected along with the compositional data and
suggests that accessory minerals generally constitute 0 to 6% of the of the detrital grains
present. Along with these observations, detrital zircon geochronologic data were provided
by Chiarenzelli et al. (2010) and suggest a source rock age of 1000 to 1300 Ma (Figure
19).
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Figure 18

Figure 18: SEM images showing the suite of grain composition, textures, and
diagenetic alteration common within Altona sandstones. Top left) Framework grains and
major accessory minerals highlighted in a back scattering electron image. Framework
grains identified here and in most samples include: quartz (q), feldspar (f), and lithics (l).
The primary accessory mineral in this image is ilmenite (il). Top right) Sample AF13-15;
This photo highlights diagenetic features within Altona sandstones; highlighted is
authigenic feldspar, which is commonly found in many samples. Bottom left) Sample
AF13-8; Analog photo from SEM, this image shows the predominance of the authigenic
feldspar, carbonate matrix, and detrital quartz grains. Notice that some quartz grains do
not have rounded edges- this is due to quartz overgrowth during diagenesis. Bottom left)
Sample 092013-4; This sample highlights authigenic feldspar within silica cement. Bright
areas are muscovite and iron rich matrix.
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Figure 19
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Figure 19: U-Pb detrital zircon relative abundance age spectrum from cores of the
Altona Formation. This shows a single age spectrum indicating a single source of
sediment of the same age between 1000 to 1300 Ma. From Chiarenzelli et al. (2010),
personal comm.
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As Johnsson (1993) notes, a general understanding of the controls on clastic
composition is a prerequisite to an accurate interpretation of provenance. These factors
include mechanical and chemical weathering, hydrodynamic sorting, and authigenic
inputs. It is also key to understand aspects related to climate transportation, depositional
environment, and diagenesis. Some assumptions had to be made regarding these features,
such as the transportation system delivering sediments to the shallow marine environment
in which the Altona sands were deposited. The transportation system delivering sediment
to the primarily marine environment is interpreted to be a fluvial braided stream. This
interpretation is based on the identification of a non-marine lithofacies at the base of the
Formation as well as the overlying fluvial Ausable Formation. The lack of land plants
able to anchor to the substrate and retain sediment prior to the Silurian (Corenblit &
Steiger, 2009) kept sediment from being stored in river banks and out of the river channel
during transportation. The lack of channel storage keeps any weathering to a minimum
because sediment spends less time in the fluvial system before final deposition. At the
time of Altona deposition (late Lower to lower Middle Cambrian), the earth was thought
to be in a time of a greenhouse climate (Betzner et al., 2007; Landing 2002), and
Laurentia at this time is interpreted to be a dry sub-tropical environment (Horodyskyj et
al., 2012). With a warm, dry to sub-tropical environment, weathering is limited (Girty et
al., 1988; Johnsson, 1993). These interpretations and the close proximity to their possible
source leads to the assumption that chemical weathering of the sand composing the
Altona Formation during transportation is weathering limited with a low intensity for a
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short duration. These factors suggest that the sands underwent little chemical
modification and sand being deposited without any diagenetic alteration will more
accurately reflect the source rock composition.
Observation of Altona sandstones indicate that the effects of climate on the alteration
of sediment composition were limited, a conclusion based on the abundance and
“freshness” of much of the feldspar. However, some chemical weathering and authigenic
input has occurred, as kaolinite has been identified in thin sections and the identification
of authigenic feldspar, authigenic barite, and quartz overgrowths suggest that diagenesis
is primarily grain growth from pore fluids produced during burial. Qualitative data from
SEM work suggest breakdown and oxidization of the iron-rich ilmenite mixing with a
clay matrix during diagenesis, which gives the Altona its red color. Although some
chemical alteration has occurred to these sandstones, the original detrital grains can
generally be clearly identified and show little alteration, which allows for them to be
easily point counted for the modal analysis. These observations, along with assumptions
regarding chemical weathering and climate during the time of deposition the Altona
Formation, suggests that the modal analysis approach advanced by Dickinson and Suczek
(1979) is an appropriate technique for determining provenance.
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3.1.2 Provenance

Sediment, which comprised the Altona Formation sandstones, is interpreted to be
sourced from the nearby modern-day Adirondack Mountains. This interpretation is based
on sandstone composition, accessory mineral suit, detrital zircon geochronology,
observations and interpretations regarding depositional environments, and assumptions
that sandstones composition accurately reflects the source rock. Sub-arkose to quartz
arenite sandstone composition suggests a continental block source rock (Dickinson and
Suczek, 1979) for the Altona Formation. The modern day Adirondack Mountains to the
southwest of the field area are composed primary of Precambrian rocks formed from
magmas generated during successive mounting building events which spanned the period
between 1350-1000 Ma known as the Grenville Orogenic Cycle (McLelland et al., 1996).
Because of the proximity of the Altona rocks to the Grenville-age Adirondack basement,
a thorough review of the geochronologic and thermal history of the Adirondacks is
essential to this provenance investigation.
Rocks of the Grenville orogenic cycle are exposed at the surface as a topographic
high within the Adirondack Mountains of northern New York. The Grenville orogenic
cycle is responsible for the formation of the basement rocks within New York and
southern Quebec and many authors have studied the geologic evolution of the
Adirondacks and the Grenville-age rocks that comprise them (Bohlen et al., 1985; Carl et
al., 1990; Clark, 1966; Streepey et al., 2001; McLelland et al., 1994; McLelland et al.,
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1996; McLelland et al., 2001; Roden-Tice et al., 2000; Seifert et al., 2010; Taylor &
Fitzgerald, 2011, among others). The summary here is based on the work of McLelland,
et al (1996). Their work represents a synthesis of the Grenville orogenic cycle and
constrains the ages of the entire Adirondack region as well as a large portion of the
Proterozoic history of the region. The Grenville Orogenic cycle is responsible for the
creation and metamorphism of any rock older than 1080 Ma in the Adirondacks. From
this time onward, rocks underwent essentially the same thermal events as one entity, as
recorded by 40Ar/39Ar data, particularly the diffusion domain data of potassium feldspar
(Heizler and Harrison, 1998). The Grenville orogenic cycle is characterized by three
major events spanning the age range of 1350 to 1000 Ma: the Elzevirian Orogeny,
AMCG Magmatism, and the Ottawan Orogeny.
The orogenic cycle is fully developed within the Adirondacks. It began with the
Elzevirian Orogeny, characterized by arc subduction and collision, initiated at 1350 Ma
and lasting to final closure at 1185 Ma. The timing of this event was constrained by U-Pb
dating of zircons to 1300 Ma (McLelland and Chiarenzelli, 1990). Dates obtained by
these authors were supported by radiometric dating by Carl, et al. (1990) that generated
ages on another suite of rocks of 1197 and 1160 ±42 Ma, dates interpreted to represent a
late magmatic event and the final accretion of the Elzevirian Arc.
Shortly after the Elzevirian Orogeny, magmatism began in the Frontenac Terrane
and moved southeastward towards the Adirondacks. These rocks, which underlie most of
the Adirondacks, possess a magmatic affinity. Known as the AMCG suite, they consist of
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anorthosite, charnockite, mangerite, and granite. The largest of the AMCG suite is the
Marcy massif, comprising most of the High Peaks region of the Adirondacks. Studies by
McLelland and Chiraenzelli (1990) and Silver (1968) have provided radiometric dates on
the AMCG suite of rocks between 1150—1125 Ma. Tectonically, the AMCG rocks
formed following delamination of an overthickened crust and a time of relative extension,
which may have formed sedimentary basins (McLelland and Chiraenzelli, 1990).
The Ottawan Orogeny is responsible for metamorphism of all rocks in the area
older than 1080 Ma. Petrologic U-Pb and 40Ar/39Ar data suggest that this deformational
event took place under granulite facies at 1050—1030 Ma (Streepey et al., 2001).
Tectonically, it is inferred that the Ottawan Orogeny represents continental collision.
Crustal thickness reached 60 km with burial of rocks currently exposed at the surface to
20—25 km depths (Bohlen et al., 1985; Valley et al., 1990). Included in these rocks are
the late to post tectonic Lyon Mountain Granite, which was intruded between 1070 and
1045 Ma following delamination, orogenic collapse, and crustal rebound (Foose &
McLelland, 1995; McLelland et al., 1996; Whitney & Olmsted, 1988). Collapse was
accommodated by the Carthage Colton Mylonite Zone, which separated the Adirondack
low lands to the north from the high lands to the south (Foose & McLelland, 1995;
Geraghty et al., 1981).
The Adirondack Mountains are composed of a wide variety of rock types that
formed between the ages of 1350 and 1000 Ma, 500 Ma before the deposition of the
Altona Formation. With this age relationship, there is a possibility that any one of the
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rock units comprising the Adirondacks could be the source rock for the Altona sands.
However, due to the age of these rocks, it is very possible that the rocks that are exposed
at the surface today in the Adirondacks were not present at the surface during deposition,
as there may have been significant removal of cover rocks during the uplift required to
bring the present day rocks to the surface.
The Adirondack thermal history is of particular interest to this study because it
provides insight on how deeply buried the current crustal rocks were prior to the most
recent uplift that created the present day Adirondack Mountains. If the timing of uplift of
the ancestral Adirondacks can be constrained, it might be possible to determine what
thicknesses of rock may have been present on top of the present day Grenville basement.
If this uplift occurred between the age of the youngest rocks (Ottawan Orogeny, ~1Ga)
and the Altona Formation (~0.5Ga), it is possible that there was a provenance for the
Altona that is no longer exposed.
Constrained by the Proterozoic U-Pb zircon dates of the Grenville basement and
Mesozoic data from apatite fission track dating, Heizler and Harrison (1998) investigated
the thermal history of New York using 40Ar/39Ar dating techniques. Their conclusions
are synthesized here. Argon data from hornblende grains suggests that temperatures of
~450-550°C were present at depth (20—25km) between ~900—950 Ma with reheating at
700 Ma associated with the initial rifting of the Ieapetus ocean. Based on the
unconformity between the Grenville basement and the Potsdam Group, Grenville rocks
were at the surface by ~500-550 Ma. Because of the large amount of rock that potentially
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covered the modern day Adirondacks, the original source rock may be eroded away.
However, the thermal cooling history suggests that the rocks that are exposed at the
surface today were the rocks exposed during the time of deposition.
Following initial thermal cooling from 900 to 500 Ma, the basement rocks of the
Adirondacks and the strata comprising the Altona Formation were buried following the
Taconic Orogeny. Modeled diffusion domains of argon in k-feldspars suggest that there
was local reheating in the Ordovician from Taconic thrust emplacement that affected the
eastern Adirondack Mountains (Heizler & Harrison, 1998). High paleotemperatures for
the Devonian section of eastern New York are related to maximum burial of the basement
to a depth of 4 km during the Carboniferous (ca. 300 Ma) (Heizler & Harrison, 1998;
Roden-Tice and Tice, 1995).
In order to constrain the remaining thermal and tectonic history of the
Adirondacks, apatite fission track data of Taylor and Fitzgerald (2011) was used to
understand the landscape development of the eastern Adirondacks following
Carboniferous burial. Taylor and Fitzgerald (2011) were able to draw several conclusions
regarding landscape development through the Mesozoic. Their work suggests that
modern day topographic relief (~1km) had to take place after 80 Ma due to plateau
dissection during periodic base level change. They also identified thermal doming events
associated with the passage of the Great Meteor Hotspot. This passage is supported by
the age progression and track of igneous bodies in New England, the oldest being the
Monteregian Hills in Quebec (125 Ma; Foland et al., 1986), and the youngest being the
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seamounts off the coast of Massachusetts at 100 Ma (Duncan, 1984). With relief in the
area coming from base level changes and thermal doming and a thermal history
indicating burial of the entire area following Altona deposition, it is inferred that no
erosion of the Grenville-aged rocks occurred after 80 Ma, suggesting that much of the
Adirondack surface as seen today was at the surface during the time of Altona deposition.
Accessory mineral suit and detrital zircon geochronology support the argument
that the Adirondack are the most likely source rock for the Altona Formation. Detrital
zircon geochronology suggests a local source rock with a symmetric unimodal U-Pb peak
between the ages 1000—1300 Ma centered at 1160 Ma (Figure 16), suggesting that
sediment was sourced from the Adirondacks, in particular the AMCG suite (Chiarenzelli
et al., 2010). Chiarenzelli et al. (2010) also suggests that the sediment supply of Altona
clastics was highly influenced by local uplifted rocks to the south. According to
Chiarenzelli and his coworkers, this interpretation is supported by observations from the
study of sub-rounded textures and primarily subarkose to arkose compositions in the
Altona further to the northwest (Potsdam region). This suggested that the sediment had
not traveled far from its source.
Of particular interest to the provenance study is the AMCG suite of rocks (~1160
Ma) and the nearby Lyon Mountain Granite (LMG) (1070 Ma, Ottowan Orogeny). The
accessory mineral suite within the Altona Formation includes many minerals of which are
found within the AMCG suite of rocks and the LMG. Much of the anorthosite that makes
up the majority of the AMCG suite is composed of two main varieties, one dominated by
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plagioclase and pyroxene and another of plagioclase, oxides, and apatite (Seifert et al.,
2010). The LMG is of particular interest because of its physical proximity to the Altona
Formation as well as its composition. In particular, the LMG is a perthitic, microcline, or
albite granite with an accessory mineral assemblage including ilmenite, ilmenite-hematite
intergrowths, apatite, titanite, magnetite, zircon, and hematite (Valley et al., 2011). Along
with the accessory mineral suite, observations of perthitic feldspar and ilmenite-hematite
intergrowths within the Altona Formation sandstones suggest that the LMG is at least a
local source of the Altona Formation but the majority of the sediment may be being
derived from a variety of sources within the Adirondack Mountains. The absence of some
accessory minerals, such as magnetite, may be the result of hydrodynamic sorting during
deposition.

3.2 Summary

The interpretation that the complex geology of the Adirondack Mountains was the
provenance of the Altona Formation clastic sediment is supported by compositional data,
detrital geochronologic data, and the geologic history of the Adirondack region. Based on
these data, the Altona Formation is interpreted to represent sediment shed from a
continental block source whose age is between 1300 to 1000 Ma. The Grenville Orogenic
Cycle is responsible for the creation of the 1300 to 1000 Ma rocks comprising the nearby
Adirondacks and the thermal history puts these rocks at the surface by the time of
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deposition following the rifting of the Iapetus Ocean and associated uplift. Although a
large amount of rock was eroded prior to the deposition of Altona sands, there is strong
evidence that there was no other source for the Altona Formation. The accessory mineral
suite and U-Pb detrital zircon geochronology match well with the composition and age of
the Adirondacks, in particular the AMCG suite of rocks and the Lyon Mountain Granite.
The Lyon Mountain Granite is of particular interest because of its physical proximity to
the Altona as well as compositional similarities, including perthitic feldspar textures and
the abundance of similar accessory minerals. However, based on the detrital
geochronology, the Lyon Mountain Granite is not the only source, as the detrital zircon
age spectrum spans the entire Adirondack age range.

80

CHAPTER 4: DISCUSSION

4.1 Depositional Environment

The Altona and Monkton Formations record siliclastic/carbonate deposition along
the Iapetus margin of Laurentia. The facies present in each unit are different and are
interpreted to reflect depositional differences along a non-linear shoreline with
embayments. Data presented in this thesis demonstrate that the Altona Formation was
deposited in a wave dominated, shallow marine environment periodically inundated by
storms. The Monkton Formation, however, is a shallow marine sandstone interpreted to
represent an environment in which deltaic processes and tides are the predominate
process responsible for deposition and transport of sediment. If the age control provided
by trilobites is correct and these two units are at least in part of the same age, the
differences in depositional environment must reflect paleogeographic differences along
the Iapetan margin. The predominance of wave and storm structures in the Altona
suggests that this environment was exposed to the open ocean on a generally straight to
lobate coastline. However, the Monkton sediments accumulated in a basin with a
morphology that enhanced the tide action, more typical of a protected, embayed
coastline. The difference in depositional environments in these two formations is
interesting because of their proximity to each other. The Altona Formation was deposited
no more than 100 km westward (present coordinates) from where the Monkton Formation
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was located before it was thrust nearly 80 km to the west during the Taconic Orogeny
(Stanley, 1980). The only way to accommodate this geographic relationship is on a nonlinear coastline with embayments.
The portion of the Iapetus shelf where the Monkton sediments were accumulating
was protected from open ocean processes (currents associated with waves and storms)
whereas these processes heavily influenced the Altona sediments. A modern day example
of an area that encompasses similar processes in a close proximity may be that of the
Orinoco Delta of eastern Colombia. Here the delta is protected in a reentrant by the island
of Trinidad. It is boarded by a broad continental shelf (Van Andel, 1967) where wave and
storm processes may be present.

4.2 Cambrian Sea Level

Stratigraphic sequences record cyclic changes in sea level on a variety of scales
and magnitudes (Mitchum & Van Wagoner, 1991; Vail & Mitchum, 1977; Vail et al.,
1977). The analysis of these sequences is termed sequence stratigraphy, a method of
correlating regional stratigraphy based of the recognition of similar sequences bounded
by unconformities due to sea level rate of change (Figure 20). Sequences develop through
a combination of subsidence and sea-level changes that produce cyclic changes in
accommodation space. This cyclic change in turn produces parasequences, which are on
the meter to 10s of meters scales, and represent conformable successions of strata
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bounded by correlative flooding surfaces. This method of sea level study is based on two
assumptions; firstly, that sea level fluctuation is cyclic, allowing for prediction of sea
level fluctuation; secondly, that the depositional basin is a clinoform. The Iapetan margin
of North America meets both of these assumptions. The work of Palmer and James
(1980) documented the cyclic nature of sea level change during the Cambrian of North
America. Following the rift-drift transition (post-Cheshire Formation) along the Iapetan
margin, a broad continental shelf morphology developed.
Parasequences identified within both the Monkton Formation of Vermont and the
Altona Formation in New York suggest that a correlation based on sea level change
would be a valid approach and might result in a refinement of the existing
biostratigraphic correlation based on trilobites.
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Figure 20

Figure 20: Summary of the principles of sequence stratigraphy including the
cyclic nature of the rate of sea level change and the accumulation of stratigraphy during
the various stages of sea level change, which are bounded by correlative unconformities.
Identification of systems tracts is based on parasequence stacking patterns.
Retrogradational stacking suggests that each parasequence contains a deeper set of facies
than the one before, representing an overall deepening. Progradational stacking represents
shallowing, with each parasequence representing a shallower package of rock than the
underlying packages. Aggradational stacking represents no vertical change in water
depth. The Altona Formation represents the transition from the transgressive systems
tract (TST) to the highstand systems tract (HST) as both retrogradational and
progradational stacking patterns have been identified. From Catuneanu (2002).
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In his classic work on the unconformity-bound stratigraphic sequences of North
America, Sloss (1963) recognized the basal Sauk Sequence as representing the strata that
overlies the interregional conformity cut on the late Precambrian and older rocks and
underlie the interregional unconformity at the base of the early Middle Ordovician
Tippecanoe Sequence. Sloss recognized that the age of the basal beds range from the late
Precambrian in the basin margins to Late Cambrian to Early Ordovician over the cratonic
interior and margin of the Canadian Shield. Sloss noted, however, that the overall
transgressive record of the Sauk sandstones (Late Precambrian to Early Ordovician) is
punctuated with a regressive phase of late Sauk deposition, which preceded emergence of
the entire craton in the Early Ordovician regression. The sea level rise described by Sloss
was recognized as a global event by Vail (1977), who defined a sequence as a
stratigraphic package deposited between regional unconformities or their correlative
conformities during a change in eustatic sea level, in which the rate of sea level change in
controlling the architecture of cycles is of importance (ex, Mitchum and Van Wagoner,
1991; MacNaughton et al., 1997).
Landing and Bartkowski (1996) placed the Appalachian Cambrian stratigraphic
succession in the context of sequence stratigraphy concepts. To these workers, the lower
Cambrian sequence represents an onlap-highstand succession comprised of two
distinctive parts. The lower part of the succession is early Olenellus zone in age and
consists of sparsely fossiliferous quartz arenites or heterolithic siliciclastic units that
nonconformably overlie Grenville basement. Strata that comprise this succession include
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the Bradore (Newfoundland), Cheshire (Vermont), Antietam (Virginia), and Helenmode
(Tennessee) Formations. These are succeeded in the stratigraphy by an offlap/lowstand
package comprised of mixed siliciclastic and carbonate units of early Olenellus zone age.
Included in this succession are the Hawke Bay (Newfoundland), Monkton (Vermont),
Stissing Dolostone (New York), Hardystown (Pennsylvania), Waynesboro (Virginia),
and Rome (Virginia) Formations. Based on analysis of Lower and Middle Cambrian
trilobite faunas, Palmer and James (1979) recognized regional regressive sandstones
throughout the Appalachians, representing an event that they termed the Hawke Bay
Event (Late Early Cambrian). They hypothesized that it represented a response to one or
a combination of causes: eustatic lowering, seaward progradation of shoreline during
stillstand, or uplift of a cratonic source area. This event is different from the Late Sauk
event of Sloss (1963), suggesting that there may be a more localized regressive event.
Following this regression, carbonate deposition occurred (eg, Winooski and Clarendon
Springs Dolostones, Vermont; Galway Formation, New York) with eustatic rise during
the late Sauk sequence (Latest Early—Latest Cambrian).

4.2.2 Potsdam Group Sequence Stratigraphy
In New York and southern Quebec, the Cambrian—Ordovician sequence consists
of shallow marine and terrestrial deposits recording marine onlap and offlap from
transgressive to lowstand systems tracts (Hersi et al., 2002; Landing et al., 2009; Sanford
and Arnott, 2010). The succession begins with the conformable transition from the
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Altona Formation to the Ausable Formation of the Potsdam Group, which is interpreted
to represent the transition from the initial transgressive systems tract of the Altona
Formation to the highstand systems tract represented by aggradational stacking of the
Ausable Formation (Landing et al., 2009). Stratigraphy above the Altona – Ausable
succession is the late middle Cambrian deposition of the presumably conformable
shallow marine quartz arenites of the Keeseville Formation, which is unconformably
overlain by the Beekmantown Group (Theresa Formation) of the lower Ordovician (Hersi
et al., 2002). The identification of this unconformity suggests a platform-wide, subaerial
exposure from a eustatic sea level fall (Hersi et al., 2002), presumably representing a
lowstand systems tract. This suggests that the Keeseville Formation represents the
continuation of the highstand systems tract within the Potsdam Succession.

4.2.3 Sequence Stratigraphy Interpretation of the Altona Formation

The shallow marine siliclastic carbonate deposition of the Altona Formation
represents the transition from the transgressive systems tract to the highstand systems
tract. This interpretation is based on outcrop data including depositional environments
and the identification of parasequences and associated flooding surfaces (Figure 21).
Basal Altona strata represent initial onlap with marginal marine and fluvial deposits.
Following this initial onlap, shallow marine shoreface deposits and near shore carbonate
deposition takes over. Parasequences lower in the section show retrogradational stacking
characteristic of the transgressive systems tract. Within the middle of the section, the
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first appearance of offshore mudstones marks the maximum flooding surface and the
onset of the highstand systems tract. Carbonate strata present stratigraphically above the
mudstones are interpreted to also represent the highstand systems tract. These horizons
may be a condensed section, however, this is only based on the carbonate lithology and
the presence of burrows, no other indicators of condensed sections, such as rare
authigenic minerals or fossil hash, were identified. This section more appropriately
reflects low sedimentation rates. Siliciclastic stratigraphy above the mudstones and
carbonates shows progradational stacking before interfingering with the overlying
Ausable Formation. The Ausable is characterized by aggradational stacking (Landing et
al., 2009) of either the lowstand systems tract or the high stand systems tract as
interpreted by Landing et al. (2009).
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Figure 21

Figure 21: This measured section illustrates the upward succession of lithofacies
used in the identification of parasequences illustrated by black arrows (base of arrows
represent deeper water and the points represent shallower waters).
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4.2.3 Altona Gamma Log Interpretation

The USGS Water Resources Division drilled Well 1-02 through the Ausable
Formation, Altona Formations, and into the Precambrian basement 1.5km northwest of
the Atwood Farm section. Analysis of the well log led Landing and his coworkers (2009)
to determine that the Altona Formation was 84 m thick in the study area.

There

determination of the extent of the Altona was based on lithologic transitions in bore chips
and in gamma signatures (Figure 22).
The geophysical data collected by John Williams (USGS) as well as bore hole
chips were examined in order to determine if any of the covered interval in the Atwood
Farm section could be identified in the well log. This is particularly important because
out of the 84 m of section only 51% is exposed at the surface. If changes in gamma
radiation could lead to the identification of changes in lithology this could provide
insight to the major transitions in depositional environment and major stratigraphic
surfaces. The ability to identify these transitions in the stratigraphy of the covered
interval would aid in the sequence stratigraphy interpretation of the Altona Formation and
the comparison with strata in Vermont.
Within well 1-02 the gamma log indicates an overall increase in radiation levels.
Because clastic sediment concentrates potassium atoms which decays, producing
“radioactivity,” and because carbonates inhibit precipitation of uranium and other
radioactive substances (Norris, 1972), fluctuations in gamma levels reflects lithologic
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variation. The trend in gamma radiation in well 102 indicates that the lower half of the
log (0 – 50 m) contains much more carbonate material than the upper half. This is
interpreted to represent a mixed siliciclastic carbonate deposit to a predominantly clastic,
which represents the transition from the Altona to Ausable Formations at 84 m. This
pattern can be interpreted to reflect an overall transgression during Altona deposition
followed by a regression associated the fluvial Ausable.
Ideally, more subtle variation in gamma radiation levels could be used to identify
shorter duration sea level fluctuation within the overall Altona transgression. We would
predict that as sea level begins to level off and fall clastic sediment is transported to the
basin and deposited we would see higher gamma radiation indicating more clastic input.
While the overall transgression during the Altona, which represents deposition
during a transgressive systems tract (TST) is recognizable, it is not possible to pick out
flooding surfaces within cycles. These are more easily identified in the field. There are
horizons which represent intervals of significant change in the gamma log, however,
these are the transition from low gamma peak (= higher carbonate levels) to higher
gamma radiation (= high clastic levels). This is the opposite pattern that would be
associated with a marine flooding surface followed by shallowing-upward. At this point
it’s not clear how to resolve this issue. Perhaps clastic sediment re-distribution from
mixing processes damps out the effects of sea level change. Certainly, cycles have not
easily been identified in outcrop either, which possibly reflects the dominance of variable
sediment supply from episodic runoff as well as storm processes.
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Figure 22

Figure 22: Generalized measured section of the Altona Formation with the
geophysical data from Well 1-02 1.5 km northwest of the Atwood Farm Section.
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4.2.4 Vermont Sequence Stratigraphy

The application of the sequence stratigraphy approach in this study makes
possible a refined correlation of the Altona and Monkton Formations (Figure 23). Onlap
in New York and Vermont began with deposition of Cheshire and Altona Formations
respectively. These two units are not the same age, however, they do record the same
onlap surface on Precambrian basement. Onlap was initiated earlier in Vermont (lower
Olenellus zone), becoming progressively younger further to the west. Following
deposition of the Cheshire carbonate, deposition occurred with the highstand systems
tract of the Dunham Dolostone. Unconformably overlying the Dunham, the non-marine
lower Monkton Formation represents the lowstand systems tract. Fieldwork conducted on
the Monkton higher in the section (Mehrtens and Brink, in prep) demonstrates that the
parasequence architecture in the Monkton Formation represents the late lower to middle
Cambrian transition from the transgressive systems tract to highstand systems tract.
Shallowing-upward cycles in the Monkton prograde basinward where they interfinger
with shelf margin sand shoals. The overlying Winooski Dolostone is the uppermost
stratigraphy in the highstand systems tract.
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4.2.5 Summary

This sequence stratigraphic study has refined the initial biostratigraphic
correlation of Landing et al. (2009) and suggests that the Monkton and Altona
Formations can be more precisely correlated. This study has demonstrated that the Altona
stratigraphy below the mudstone interval represents a transgressive systems tract and is
correlated to the transgressive systems tract of the Monkton Formation. The transition to
highstand systems tract deposition in the mudstone-dolostone interval of the Altona is
correlative to the Winooski Dolostone in Vermont.
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Figure 23

Figure 23: Stratigraphic correlation chart modified from Landing et al. (2009) to
show sequence stratigraphy correlation of the Ottawa-Bonnechere aulacogen and the
Quebec reentrant and New York Promontory. This study suggests that the Altona and
Monkton Formations represent the same transgressive and highstand systems tracts.
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4.3 Provenance

Compositionally, the Altona and Monkton Formations vary little; they are both
arkose sandstones, are heterolithic formations composed of sandstones, mud and
siltstones with a large carbonate component, and contain a similar but not identical suite
of accessory minerals. Based on the compositional analysis of the Altona Formation in
this study and the compositional analysis of the lower part of the Monkton Formation by
Goldberg and Mehrtens (1998), these two rock units are interpreted to have been sourced
by the nearby modern day Adirondack Mountains. The interpretations for both units are
based heavily on the accessory mineral suites, detrital zircon geochronology, and the
provenance discriminating ternary diagrams of Dickinson and Suczek (1979).
Based on point counts of the sandstones within each formation, the two units are
heterolithic arkose sandstones (Figures 17 and 24, after Folk (1980)), suggesting that
these have been sourced from transitional continental tectonic setting (after Dickinson
and Suczek (1979)). Although these two units are compositionally similar, there are
differences that indicate slightly different sources. Goldberg and Mehrtens (1998)
identified lithic fragments within the lower Monkton, which they attributed to recycling
of the underlying Cheshire or Dunham Formations. Additionally, they identified an
accessory mineral suite that includes zircon, tourmaline, apatite, rutile, muscovite, and
biotite. Altona sands, however, differ slightly as the few lithic fragments identified are
interpreted to be intraformational based on their similar composition to the muddy
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matrix. Accessory minerals within the Altona include apatite, ilmenite, rutile, zircon and
minor amounts of mica. The differences in lithic composition and accessory minerals
suggest that there are two sources for the Monkton, the Adirondacks and underlying
Cheshire and Dunham stratigraphy (Goldberg & Mehrtens, 1998). The provenance for
the Altona was discussed earlier in chapter three and is interpreted to be from two
lithologies in the Adirondacks, the AMCG suit of rocks and the Lyon Mountain Granite.
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Figure 24

Figure 24: QFL ternary diagrams classifying the Monkton Formation. Ternary on
the left is the Folk (1980) sandstone classification, and on the right, Dickinson and
Suczek’s (1979) ternary diagram representing major tectonic settings. Data collected by
(Goldberg & Mehrtens, 1998) show that the Monkton Formation is an arkose to
subarkose sandstone whose provenance is a continental block setting. This is very similar
to that of the Altona Formation.
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CHAPTER 5: CONCLUSION

The sedimentologic study of the Altona Formation in New York and the
comparison to that of the Monkton Formation in Vermont has lead to several
conclusions:

1. The Altona Formation represents cyclic deposition in a wave dominated
shallow marine environment.
2.

Sediment supply was variable during Altona deposition, resulting in the
transition from a shallow marine siliclastic environment to a carbonate
ramp and back again.

3. Identification of retrogradational and progradational parasequences within
the Altona Formation records the transitions between the Transgressive
Systems Tract (TST) and Highstand Systems Tract (HST).
4. Accessory mineral suit and detrital zircon dates suggest a nearby source
consistent with the mineralogy and zircon ages for that of the Grenville
Adirondacks, in particular the AMCG suit as well as the Lyon Mountain
Gneiss.
5. The Monkton Formation in Vermont records deposition in a lower energy,
peritidal to shallow subtidal setting. Mudcracks and herringbone cross
stratification suggests tidal influence. While wave ripples are present, the
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preponderance of evidence suggests an overall lower energy setting than
that described for the Altona. This implies that the Monkton shelf was
protected from the wave and storm processes identified in the Altona.
6. Sea level comparison of the two units has refined the correlation between
the two; this interpretation suggests that the two units both represent the
same transgressive systems tracts. However, the Altona also includes the
transition to highstand systems tract deposition, a transition represented in
Vermont by the Winooski Dolostone.

The majority of this work concentrated on the depositional environment and
provenance interpretations of the Altona Formation. This research suggest that the area
surrounding the triple junction represented by the Ottawa Bonnechere-aulacogen, the
New York Promontory, and the Quebec Reentrant was characterized by an irregular
margin where the Altona Formation was exposed to wave and storm processes within the
aulacogen, whereas the Monkton was in a relatively protected area of the Iapetan
shoreline. This suggests that the Altona Formation was deposited on the exposed edge of
the Ottawa Embayment near the passively subsiding continental shelf of the reentrant and
promontory. Sediments being deposited in these environments are interpreted to have
been sourced form the nearby Adirondack Mountains. The Altona Formation is
interpreted to be sourced entirely from these Precambrian aged rocks where as the
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Monkton was also sourced from underlying stratigraphy, most likely the Cheshire or
Dunham Formations (Goldberg & Mehrtens, 1998).
Deposition of these two units was accommodated by relative sea level
fluctuations as indicated by parasequence architecture representing the transgressive to
highstand systems tracts. In the Altona Formation, this transition is recorded with the first
identified maximum flooding surface and deposition of muds and offshore carbonate
ramp deposits. Carbonates within the Altona may represent a condensed section, possibly
correlated with the Winooski Formation in Vermont, which overlies the Monkton
Formation.
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Appendix A: Compositional Data
MT1-7
Total
%

Feldspar
4.00
1.75

Cement

Matrix

% Grains
34.50

%Matrix
0.00

Quartz
75.00
32.75

Lithic
0.00
0.00

Acc.
0.00
0.00

Accessori
es
%
Illminite
% Apatite
%Rutile
% Zircon
%Mica
opaque
Total

% cement
65.50
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Dolomite
150.00
65.50

Total
229.00
100.00

Total

Percent

AF13-2
Total
%

Feldspar
0.00
0.00

Cement

Matrix

% Grains

%Matrix

Quartz
9.00
3.46

Dolo
251.00
96.54

% cement
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Acc.
0.00
0.00

Total
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100.00

Accessories
% Illminite
% Apatite
%Rutile
% Zircon
%Mica
Total

Total

Percent

AF13-23
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%

Feldspar

Quartz
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63.29
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35.76

3
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Cement

Matrix

% Grains

%Matrix

Total
(QFL)
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100.00

Accessories
% Illminite
% Apatite
%Rutile
% Zircon
%Mica
Total

% cement
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Acc.
6
1.88

Total
0
5
1
0
1
7

Percent
0.00
71.43
14.29
0.00
14.29
100.00

092913-4
Total
%

Feldspar
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81.00

57
19.00

0
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Cement
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Total
(QFL)
300
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Accessories
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Acc.

Dolomite

9
2.91

146
32.09

Total
2
8
2
0
4
16

Percent
12.50
50.00
12.50
0.00
25.00
100.00

092913-1
Total
%
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37.92
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0
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Total

% cement

116

Acc.
3
0.91

Total
5
2
6
0
0
13

Percent
38.46
15.38
46.15
0.00
0.00
100.00

MT-15

Total
%

Feldspar
48
20.43

Cement

Matrix

% Grains

%Matrix

Quartz
187
79.57

Lithic
0
0.00

% cement

117

Total
(QFL)
235
100.00

Acc.
7
2.89

Accessories
% Illminite
% Apatite
%Rutile
% Zircon
%Mica
Total

Total
8
0
8
1
0
17

Percent
47.06
0.00
47.06
5.88
0.00
100.00

AF13-18

Total
%

Feldspar
75
24.92

Cement

Matrix

% Grains

%Matrix

Quartz
219
72.76

Lithic
7
2.33

% cement

118

Total
(QFL)
301
100.00

Acc.
11
3.61

Accessories
% Illminite
% Apatite
%Rutile
% Zircon
%Mica
Total

Total
4
0
1
1
0
6

Percent
66.67
0.00
16.67
16.67
0.00
100

AF13-15

Total
%

Feldspar
134
43.65

Cement

Matrix

% Grains

%Matrix

Quartz
173
56.35

Lithic
0
0.00

% cement

119

Total
(QFL)
307
100.00

Acc.
12
3.76

Accessories
% Illminite
% Apatite
%Rutile
% Zircon
%Mica
Total

Total
1
4
1
0
2
8

Percent
12.50
50.00
12.50
0.00
25.00
100

AF13-14

Total
%

Feldspar
43
21.83

Cement

Matrix

% Grains

%Matrix

Quartz
152
77.16

Lithic
2
1.02

% cement

120

Total
(QFL)
197
100.00

Acc.
5
2.50

Accessories
% Illminite
% Apatite
%Rutile
% Zircon
%mica
Total

Total
2
2
2
0
0
6

Percent
33.33
33.33
33.33
0.00
0.00
100

AF13-8
Total
%

Feldspar

Quartz

Lithic

65
28.26

164
71.30

1
0.43

Cement

Matrix

% Grains

%Matrix

Total
(QFL)
230
100.00

Accessories
% Illminite
% Apatite
%Rutile
% Zircon
Total

% cement

121

Acc.
6
2.55

Total
1
4
0
1
6

Percent
16.67
66.67
0.00
16.67
100

AF13-13
Total
%

Feldspar

Quartz

Lithic

95
31.15

210
68.85

0
0.00

Cement

Matrix

% Grains

%Matrix

Total
(QFL)
305
100.00

Accessories
% Illminite
% Apatite
%Rutile
% Zircon
Total

% cement

122

Acc.

Total

20
6.15

325

Total

Percent

3YF-015
Total
%

Feldspar

Quartz

Lithic

191
65.19

97
33.11

5
1.71

Cement

Matrix

% Grains

%Matrix

Total
(QFL)
293
100.00

Accessories
% Illminite
% Apatite
Unknown
% Zircon
Total

% cement

123

Acc.

Total

16
5.26

309

Total

Percent

AF13-9
Total
%

Feldspar
91
31.49

Cement

Matrix

% Grains

%Matrix

Quartz
198
68.51

Lithic
0
0.00

Total(QFL)
289
100.00

Accessories
% Illminite
% Apatite
%Rutile
% Zircon
%mica
Total

% cement

124

Acc.
17
5.88

Total
6
9
6
2
1
24

Percent
25.00
37.50
25.00
8.33
4.17
100

125
74

5GK4002

5FD4001
5FD4002

09201344

AF13421

AF13423

5GK4001

4VI4007
4VI4009
4VI4010
4VI4008

AF13420
06201342
062191341
06201341
5GK4003

4VI4003
4UE4007
4VI4004
4VI4005
4VI4006

AF1349
AF13413
AF13415
AF13416
Af13418

09201341

4VI4001
4VI4002

AF1342
AF1344

09201343

68
50
73
49

4UE4011

AF13422

69

78

77

76

75

64
60
65
66
67

62
63

72

56
55

4UE4003

4UE4002
4UE4001

AF1348

70

59
58
57

4UE4008

4UE4006
4UE4005
4UE4004

Af13414

AF13412b
AF13412A
AF13411

AF1347
AF1346

61
71

4UE4009
4UE4010

AF413417
AF13419

Atwood,Farm

30

31

3YF4011

3YF4012

Mt415

MT'145

Thin,Section,Box

26
27
28
29

Thin,Section,Label,

3YF4007
3YF4008
3YF4009
3YF4010

MT'142
MT'147
MT411
MT414

Millitary,Turnpike

Locality

Altona'Formation'
Thin'Sections

1a

1

1

6

6

6
4
HCS'4
6

4
2
5
5
6

3
3

1

4
4

4

2
2
2

2

5

3

Hill

null
null
null
null

Facies

1.61

0.3

0.16

null

0.07

null

2.8

null

3.85

null

1.86

1.82
null
3.71
1.89

0.39

0.34
null
0.08
0.33

1.95
2.8
2.41

null
null

1.7

2.33
2.5

2.41

3.02
null
null

0.91

1.43
1.12

1.96

2.09

null
null
null
null

Average
phi

0.56
0.24
0.27

null
null

0.33

0.28
0.28

0.26

0.14
null
null

0.67

0.44
0.48

0.37

0.29

null
null
null
null

,(mm)

8.24

null

15.21

null

3.82

4.18
null
14
4.35

3.46

5.3
9.86
7.44

null
null

3.17

6.69
8.02

7.12

9.66
null
null

2.06

2.92
1.49

5.35

5.29

null
null
null
null

phi,sq

0.03

null

0.02

null

0.07

0.04
null
0.03
0.06

0.06

0.05
0.03
0.02

null
null

0.09

0.06
0.04

0.03

0.05
null
null

0.03

0.07
0.16

0.05

0.04

null
null
null
null

,(mm)

1.26

null

2.69

null

0.54

0.32
null
2.45
40.57

40.63

44.69
40.55
40.7

null
null

0.71

0.05
40.8

40.32

0.46
null
null

41.88

40.03
40.06

40.41

40.04

null
null
null
null

min
phi

1.58

null

7.21

null

0.29

0.1
null
5.98
0.07

0.02

0
0
0.13

null
null

0.5

0
0

0

0.22
null
null

0

0
0

0

0

null
null
null
null

phi,sq

0.42

null

0.16

null

0.69

0.8
null
0.18
1.49

1.55

25.89
1.46
1.62

null
null

0.61

0.97
1.74

1.24

0.72
null
null

3.69

1.02
1.05

1.33

1.03

null
null
null
null

,(mm)

5.28

null

5.47

null

3.8

4.67
null
5
4.16

4.17

4.42
5.08
5.44

null
null

3.45

3.98
4.81

5.11

4.19
null
null

5.13

3.76
2.68

4.19

4.72

null
null
null
null

max
phi

27.91

null

29.94

null

14.47

21.77
null
25.02
17.29

17.4

22.03
25.82
29.6

null
null

11.88

15.87
23.16

26.12

17.6
null
null

26.32

14.11
7.18

17.55

22.26

null
null
null
null

phi,sq

0.07

null

0.03

null

0.11

0.18
null
0.03
0.23

0.23

2.55
0.27
0.23

null
null

0.12

0.26
0.28

0.23

0.11
null
null

0.43

0.23
0.17

0.34

0.2

null
null
null
null

,(mm)

0.65

null

0.6

null

0.59

1
null
0.51
0.89

0.93

1.23
1.42
1.28

null
null

0.54

1.13
1.33

1.15

0.74
null
null

1.08

0.94
0.48

1.24

0.98

null
null
null
null

STDV
phi

3.94

null

4.93

null

2.48

4.18
null
3.79
3.45

3.87

5.13
7.19
6.65

null
null

2.03

4.51
6.13

5.4

4.02
null
null

4

3.57
1.16

4.39

4.31

null
null
null
null

phi,sq

0.55

null

0.77

null

0.66

0.58
null
0.01
40.12

0.66

41.18
40.5
0.16

null
null

0.5

40.74

40.26

41.04
null
null

1.2

0.87
0.08

40.44

0.05

null
null
null
null

Skewness

1.66

null

0.59

null

0.8

40.36
null
0.12
40.19

0.09

7.22
40.98
40.82

null
null

0.35

40.65

40.65

1.42
null
null

0.96

40.07
0.74

41.18

40.18

null
null
null
null

Kurtosis

Appendix B: Grain Size Data

